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SUMMARY 


Several nickel-base aircraft turbine disk superalloys representing various strengths and 
processing histories were evaluated at 650° C for resistance to fatigue crack initiation and propa- 
gation under cyclic and cyclic/dwell conditions* Controlled strain low-cycle fatigue (LCF) and 
controlled load crack propagation tests were performed and results utilized to provide a direct 
comparison among the alloys. In addition, limited fractographic and metallographic analyses 
were conducted, and tests were performed on selected alloys to evaluate the effects of hold times, 
mean stresses, stress-dwell cycle types, inert environment, and contractor test methods. 

At the lower total strain ranges of interest for aircraft turbine disk applications, the alloys 
exhibited generally increasing initiation life with increasing tensile strength for both cyclic 
{0*33 Hz) and cyclic/dwell (900-sec hold per cycle) conditions* Rank order of the alloys by LCF 
initiation life changed substantially at higher strain ranges, approaching the rank order 
expected from monotonic tensile ductilities (for total strain ranges above approximately 1.8%). 
The effect of the 900-sec (15-min) hold time fatigue life varied significantly from alloy to alloy. 
Generally, the higher-strength, finer-grained alloys exhibited more significant reductions in 
fatigue life due to the dwell. In general, the effects of mean strain were found to be negligible for 
the conditions evaluated and the effects of mean stress were pronounced* For the type cycles 
evaluated, at high strain ranges the mean stress was near zero and did not contribute to reduc- 
tion in life. At low strain ranges, however, mean stresses were large and significant reductions in 
LCF lives occurred. 

Crack growth rates generally increased with increasing tensile strength* Crack growth test- 
ing conducted with a 900-sec dwell at maximum tensile load in air showed the same trends as the 
0.33 Hz testing with larger absolute differences in crack growth rates, and, as in the initiation 
tests, the higher strength, finer grained alloys were more severely affected by the hold time. 
Waspaloy and IN 100 tested in an argon environment at 0*33 Hz demonstrated crack growth 
rates at low AK levels approximately a factor of 2 slower than the same alloys tested in air. Air 
and argon crack growth rates converged at higher AK levels* 

Low-cycle fatigue data generated by P&WA and GE generally agreed with some differences 
in the cyclic (0.33 Hz) test data. Differences in LCF life are probably attributable to specimen 
machining and surface preparation* Comparison of Contractor crack growth testing and data 
analysis procedures showed crack growth data obtained at 0.33 Hz for the GE K b bar specimen to 
be approximately two times faster than that obtained from the compact type specimen. At 900- 
sec dwell times, K b bar data was much faster than the CT specimens, with diminishing differen- 
ces at low AK levels* 

Additional creep-fatigue cyclic evaluations were performed on the IN 100 samples at 650°C. 
Changing dwell time from zero to 30, 120, and 900 sec resulted in corresponding reductions in life 
with very minimal changes in cyclic creep strain range* Reductions in life are attributed prima- 
rily to exposure time at 650°C rather than cyclic creep deformation damage. Comparison of basic 
tensile stress-hold with tensile strain-hold cycles showed no significant differences provided test 
variables, such as mean stress, strain range, and hold time were comparable* Mean stress and 
accumulated creep strain (in stress-hold cycles) both significantly affected LCF life* Life differen- 
ces between stress-hold and strain-hold cycles were attributed to mean stress and cumulative 
creep strains. 

Overall, the relationship of strength and grain size to LCF and crack growth capability 
were found to be valid, in general* The effects of mean stress, hold times, and environment were 
significant, and more pronounced for the higher strength alloys* Finally, the relative cyclic per- 
formance of the alloys would not be expected to relate simply to strength or any other single 
material property, but would depend on specific usage conditions* 
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INTRODUCTION 


Recent strength advances in wrought powder metallurgy superalloys offer the potential 
for increasing the performance and reducing the weight of gas turbine aircraft engines. 
Coupled with lower cost processing methods, such as hot-isostatic pressing (HIP), the net 
result could be substantially reduced system life-cycle costs. After an alloy has been devel- 
oped, critical evaluations must be conducted to define its capability to enable utilization of 
that capability in the design, manufacture, and service of components. The cyclic behavior 
and capability of the new powder metallurgy alloys become extremely important when they 
are considered for turbine disk applications. In many engine designs, these disks are often 
low-cycle fatigue (LCF) limited. 

Before these powder- metallurgy alloys can be incorporated into engine turbine disk 
designs a comparison of their cyclic fatigue behavior must be made with reference to an alloy 
in current use. Then an objective assessment of total-crack initiation plus crack propagation- 
fatigue life can be made to determine if the strength advances in wrought powder-metallurgy 
superalloys have resulted in corresponding increases in LCF capability, and if HIP processed 
alloys have cyclic lives substantially the same as their wrought powder counterparts. In addi- 
tion, the effects of mean stress or strain on LCF life, the effect of environment on crack 
growth rate, and the effect of varying hold time on LCF life must be understood both to suc- 
cessfully use current alloys and to facilitate development of improved alloys for turbine disk 
applications. 

This program follows two earlier NASA contracts which evaluated the cyclic behavior of 
several aircraft turbine disk alloys. In the earlier programs, Pratt & Whitney Aircraft Group 
(P&WA) evaluated the cyclic behavior of conventionally wrought Waspaloy produced from ingot, 
fully HIP low carbon powder Astroloy, HIP plus forged low carbon powder Astroloy, HIP plus 
cross-rolled powder metallurgy NASA IIB-7, and GATORIZED® powder IN IOO, L General 
Electric Company (GE) evaluated INCO 718 produced from ingot, HIP powder Ren^ 95, and HIP 
plus forged powder metallurgy Ren£ 95. 2 

The objectives of this program included evaluation of an additional alloy, providing a 
comparison of contractor test methods, determination of crack initiation and early propaga- 
tion mechanisms for various alloys, and determination of the effects of mean stress or strain, 
various creep-fatigue cycle forms, and environmental effects on crack initiation and crack 
growth behavior for two of the alloys. As in earlier programs, the cyclic behavior of the 
alloys was evaluated from two aspects: crack initiation and crack propagation. The test 
methods utilized to establish this behavior were axially-loaded strain control LCF tests for 
initiation and load-controlled cyclic crack growth rate fracture mechanics tests for propaga- 
tion. Tests were conducted under both cyclic and cyclic/dwell conditions at 650 c C (1200°F), 

The alloys selected for this program included HIP MERL 76 which is an advanced alloy 
currently undergoing trial disk production development at P&WA under NASA MATE pro- 
gram sponsorship, HIP plus forged Ren£ 95 currently used by GE, GATORIZED IN 100 
which is an advanced alloy currently used by P&WA, and conventionally forged Waspaloy 
which is a current, widely used disk alloy produced from ingot. 

HIP MERL 76 represented the new alloy not previously evaluated. Ren^ 95 which was 
previously tested by General Electric was included to provide a comparison of Contractor test 
methods and results. IN 100 and Waspaloy were selected for evaluation under cyclic and cyc- 
lic/dwell conditions and in an inert environment because these alloys are representative of 
relative extremes in processing methods and cyclic behavior for currently used turbine disk 
alloys. 
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MATERIAL PROCUREMENT AND QUALIFICATION 


Four nickel-base super alloys for aircraft gas turbine engine disks were evaluated for 
resistance to fatigue crack initiation and propagation under both cyclic and cyclic/dwell con- 
ditions at elevated temperature. Results provide comparisons of a conventionally forged 
superalloy produced from ingot with three advanced alloys produced from pre-alloyed powder 
in the wrought, hot iso statically pressed (HIP) , and the HIP plus forged forms. These results 
are also directly comparable with alloys previously evaluated and reported (Reference 4), 

The listing below details the four alloys evaluated under this program. Table 1 describes 
the chemical compositions and heat treatments. 

TABLE 1 

NOMINAL CHEMICAL COMPOSITIONS 1 AND HEAT TREATMENTS 


Element 

Alloy ! 

HIP MERL 76 

Alloy 2 
Rend 95 

Alloy 2 
Wdspaloy 

Alloy 4 
GATORIZEIP 
L\' 100 

Carbon 

0,022 

0.065 

0.06 

0.07 

Manganese 

0.02 max 

0.15 max 

0,75 max 

0,020 max 

Sulfur 

0.01 max 

0.015 max 

0.02 max 

0,010 max 

Phosphorous 

0,01 max 

0.015 max 

— 

0,010 max 

Silicon 

0,10 max 

0.50 max 

0,75 max 

0,10 max 

Chromium 

12.40 

13.0 

19.5 

12,40 

Cobalt 

18.50 

8,0 

13.5 

18.50 

Molybdenum 

3,20 

3.50 

4,0 

3.20 

Titanium 

4,32 

2.50 

3.0 

4,32 

Aluminum 

5.00 

3,50 

1.4 

4,97 

Boron 

0,02 

0,01 

0.065 

0.02 

Zirconium 

0.06 

0,05 

0,07 

0.06 

Tungsten 

— 

3,50 

— 

0,05 max 

Iron 

0.30 max 

0,50 max 

2.0 max 

0.30 max 

Copper 

0.07 max 

— 

0.10 max 

0.07 max 

Lead 

0.0002 max 

— 

10 ppm max 

0.0002 max 

Tantalum 2 

— 

0.2 max 

— 

0,04 max 

Vanadium 

— 

— 

— 

0.78 

Hafnium 

0,40 

— 

— 

— 

Nickel 

Heat Treatment^ 

Balance 

Balance 

Balance 

Balance 

Solution, Stabilization, 

1163 n C/2 hr/OQ 

1092°C/1 Hr 

1024/4/OQ 

1121/2/OQ 

and Age 

87l°C/0.67 

982°C/0,75 

760°C/16 

538 c C Molten Salt 
Bath Quench 
760°C/16 hr 

843/4/AC 

871/40 min/ AC 
649/24 /AC 
760/4/AC 


Nominal Composition — Percent by Weight 
^Tantalum and Columbium for Alloy 4 
^Heat Treat Conditions — Nominal 
Temperature — °C/Time-hr/Air Cool — AC, Oil Quench — QC 


Alloy 1— HIP MERL 76: an advanced, high-strength powder metallurgy 
super alloy. Trial production of full-sized turbine disks is currently 
underway at P&WA/Commercial Products Division (CPD) in 
East Hartford, CT under NASA MATE program sponsorship, 
HIP MERL 76 was supplied by the Government through P&WA/ 
CPD, Material was received in the form of four rough-cut sec- 
tions from a fully-HIP’d JT10D lst-stage turbine disk, as shown 
in figure 1, This figure also shows the specimen cutup layout 
Composition and material tensile qualification test results for 
this forging are presented in tables 2 and 3, respectively, 
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Alloy 2 — HIP plus forged Ren^ 95: an advanced powder metallurgy tur- 
bine disk alloy currently in use by GE, HIP plus forged Ren^ 95 
was supplied by NASA in the form of a fully heat treated tur- 
bine disk segment. Composition and material qualification test 
results (supplied by NASA) for this forging appear in tables 4 
and 5, respectively. Figure 2 presents the specimen cutup 
schematic. 

Alloy 3 — Wrought Waspaloy produced from cast ingot. Waspaloy is widely 
used as a turbine disk alloy in engines, such as P&WA JT8D, 

JT9D, and TF30, Waspaloy was produced in the form of a JT9D 
3rd-stage turbine disk forging taken from a production run of 
this park This disk was produced by the La dish Company and is 
representative of the material in current use. Composition and 
material qualification test results for this forging are presented in 
table 6. Figure 3 shows the specimen cutup schematic. 

Alloy 4 — GATORIZED IN 100: an advanced powder metallurgy turbine 
disk alloy currently used in the turbine and high-pressure com- 
pressor disks of the FI00 engine. The IN 100 was obtained as a 
fully heat treated disk/pancake forging segment. Composition, 
heat treatment, and material qualification test results for this 
forging are presented in table 7, Test specimen machining was in 
accordance with the layout presented in figure 4. Test specimens 
machined from the forging consisted primarily of axial strain 
control LCF specimens and modified compact tension specimens 
for crack growth rate, as shown in figure 5. 

The LCF specimens were oriented tangentially in the forgings and the compact specimens 
were oriented such that crack growth direction would be approximately radial to the disk forg- 
ing, Tensile tests were conducted at 650° C (1200°F) to provide a comparison of monotonic 
strengths and ductilities among the alloys at a representative temperature. Table 8 presents the 
results of these tests. 

Optical and electron micrographs representing the micro structure for each of the alloys 
appear in figures 6 through 9. The micro structure of HIP MERL 76 is shown in figure 6. This 
material has an ASTM grain size of 8.5 to 10.5, HIP plus forged Ren£ 95 is characterized in 
figure 7. This alloy has a grain structure consisting of 60% unre crystallized grains with ASTM 
grain size of 5 to 6 with occasional 4, necklaced by recrystallized grains finer than 8. The Waspa- 
loy microstructure, figure 8, varied but was generally ASTM grain size 3 to 5 with occasional 2, 
and with some duplexing with 7 and finer. The IN 100 microstructure is shown in figure 9. This 
alloy is fine-grained with an ASTM grain size of 12.5 to 14.5 with occasional 11,5, 

Further details of microstructure are given in a later section entitled “Evaluation of Fatigue 
Crack Initiation Mechanisms,” 
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TABLE 2 

CHEMICAL COMPOSITION AND HEAT 
TREATMENT— ALLOY 1, HIP MERL 76. 
Identification: UDIMET Powder Blend 
No. 79003, JT10D 1st Turbine Disk S/N-102-2 


Powder 

Element Target Chemistry BN 7903 Disk 102-2 


Ni 

R 

R 

R 

Or 

11.9 - 12.9 

12.51 

12,0 

Co 

18.0 - 19.0 

18.50 

18.4 

Mo 

2.8 - 3.6 

3.29 

3.3 

A1 

4.85 - 5.15 

4.93 

5.1 

Ti 

4.15 ■ 4.50 

4.20 

4,2 

Nb 

1.20 - 1.60 

1.46 

1.41 

Hf 

0,30 - 0.50 

0. 39 

0.48 

B 

0.016- 0,024 

0.02 

0,02 

Zr 

0.04 - 0.08 

0.05 

0.045 

C 

0.015 - 0.03 

0.026 

0.023 

Mn 

0, 02 max 

0,008 

ND 

S 

0.01 max 

ND 

ND 

P 

0.01 max 

0,004 

ND 

Si 

0.10 max 

0,01 

ND 

Fe 

0. 30 max 

0.05 

ND 

Cu 

0.07 max 

0,03 

ND 

Bi 

0.05* max 

0,02* 

ND 

Pb 

2.0* max 

1* 

ND 

0 

100.0* max 

92* 

89* 

N 

50.0* max 

18* 

20* 

R = Remainder 



ND = Not Determined 



Disk 102-2 was 

HIP consolidated at 1182 D C/1(J3 MPa/3hr 


Heat Treatment: 

1163°C/2 hr/Oll Quench + 
871°C/0.67 hr + 

982°C/0.75 hr + 

649°C/24 hr + 

760' > C/16 hr 
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TABLE 3 

TENSILE QUALIFICATION TEST RESULTS — ALLOY 1, HIP MERL 76 
Identification: UDIMET Powder Blend No. 79003, JT10D 1st Turbine Disk S/N- 102-2 


Specimen 

S/N 

Location 

Test 

Temp CO 

0.2% YS 


UTS 


%RA 

Testing* 

Source 

MPa 

ksi 

MPa 

ksi 

%El 

102-2-5 

Bore — ID 

25 





1612 

233.9 

19.7 

19.7 

CPD 

102-2-9 

Bore — ID 

25 

1153 

167.4 

1647 

239.0 

18.2 

18.3 

CPD 

102-2-2 

Adjacent to 

25 

1076 

156,2 

1581 

229.5 

16.5 

16.9 

CPD 

102-2-8 

Bore — ID 

25 

1059 

153*7 

1616 

234.S 

22.2 

18.3 

CPD 

102-247 

Rim 

25 

1067 

154.9 

1610 

233.6 

19.6 

19.8 

CPD 

TARGET 

— 

25 

1034 

150.0 

1482 

215.0 

15.0 

15.0 

- 

102-2-1 

Bore “ID 

621 

1084 

157.4 

1430 

207.5 

23.5 

28.3 

CPD 

102-2-7 

Bore — ID 

621 

1087 

157.7 

1437 

208.6 

21,7 

23.9 

CPD 

102-2-6 

Adjacent to 

621 

1042 

151.2 

1430 

207.5 

23.7 

24.1 

CPD 

102-2-10 

Bore — ID 

621 

1087 

157.8 

1470 

213.3 

18,0 

16.9 

CPD 

102-2-3 

Hub 

621 

1059 

153.7 

1450 

210,4 

26.6 

24.1 

CPD 

102-2-4 

Hub 

621 

1053 

152.8 

1416 

205.4 

23,2 

26.7 

CPD 

102-2-13 

Flange 

621 

1078 

156,4 

1421 

206.2 

22.7 

26.7 

CPD 

102-2-14 

Flange 

621 

1090 

158.2 

1453 

210.9 

23,3 

22.7 

CPD 

102-2-11 

Web 

621 





1364 

198.0 

27.1 

24.6 

CPD 

102-2-12 

Web 

621 

1039 

150.8 

1387 

201.3 

28.8 

28.3 

CPD 

102-2-16 

Rim 

621 

1079 

156,6 

1419 

205,9 

22.5 

26.9 

CPD 

TARGET 

— 

621 

1014 

147.0 

1365 

198.0 

22.0 

12.0 

- 

F-4 

Web 

650 

1031 

149,5 

1369 

198.6 

22.5 

24.6 

GPD 

F-5 

Web 

650 

1024 

1 48.5 

1361 

197.4 

24,0 

25.5 

GPD 


*CPD: United Technologies Corp., Pratt & Whitney Aircraft Group, Commercial Products Division, 

East Hartford, Connecticut 

GPD: United Technologies Corp., Pratt & Whitney Aircraft Group, Govermment Products Division, 

West Palm Beach, Florida ___ 
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TABLE 4 

CHEMCIAL COMPOSITION AND HEAT 
TREATMENT-ALLOY 2, HIP PLUS 
FORGED RENE 95 PRODUCED FROM 
PREALLOYED POWDER 
Producer: Cartech VIM Heat No. V91085, 
Preform C525, 

Ladish Company Forging EX091 


Required Actual* 

Chemical Composition: 


Carbon 

0.04 to 0.09 

0.08 

Manganese 

0.15 Max 

0.01 

Silicon 

0.50 Max 

0.06 

Phosphorous 

0,015 Max 

0.005 

Sulphur 

0.015 Max 

0.002 

Chromium 

12 to 14 

12.8 

Molybdenum 

an to a? 

3.56 

Cobalt 

7 to 9 

8.05 

Titanium 

2.3 to 2.7 

2,56 

Aluminum 

3.3 to 3.7 

3.57 

Boron 

0.006 to 0.015 

0.01 

Niobium 

3.3 to 3.7 

3.60 

Tantalum 

0.2 Max 

0.01 

Tungsten 

3.3 to 3.7 

3.59 

Zirconium 

0,03 to 0.07 

0.053 

Iron 

0.5 Max 

0,39 

Hydrogen 

0,001 Max 

2 ppm 

Oxygen 

0.010 Max 

66 ppm 

Nitrogen 

0.005 Max 

0.003 

Nickel 

Balance 

Balance 


^Analysis of Master Powder Blend No. 55 

Heat Treatment: 

1092°C/1 Hr 

538°C Molten Salt Bath Quench 
760°C/16 hr 
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TABLE 5 

QUALIFICATION TEST RESULTS — ALLOY 2, HIP PLUS FORGED 

RENE 95 

Identification: CarTech VIM Heat V9 1085/Preform No. C525 
Ladish Company Forging EX 091 DFL Scries -2 
Specification: GE C50TF54 


l. Tensile 


Specimen _ 

Temperature 

0.2% 

YS 

UTS 



Number 

C C 

(°F) 

MPa 

(ksi) 

MPa (ksi) 

RA % 

Ei% 

SR-1 

Room Temperature 

1172 

(170) 

1620 (285) 

22.3 

18.6 

SR-2 

Room Temperature 

1179 

(171) 

1627 (236) 

23,2 

18.1 

SR-3 

Room Temperature 

1186 

(172) 

1641 (238) 

22.6 

18,4 

Average 

Room Temperature 

1179 

(171) 

1629 (236) 

22.7 

18.4 

Values 








Spec 








Values 








Cl-B 

Room Temperature 

1207 

(175) 

1 544 (224) 

12 

10 

Cl-C 

Room Temperature 

1179 

(171) 

1524 (221) 



SR-4 

650 

(1200) 

1110 

(161) 

1475 (214) 

14.4 

11.8 

SR-5 

650 

(1200) 

1124 

(166) 

1482 (215) 

15,9 

14,6 

SR-6 

650 

(1200) 

1131 

<16-0 

1482 (215) 

12.2 

12.1 

Average 

650 

(1200) 

1122 

(162.6) 

1480 (214.6) 

14.2 

12,8 

Values 








Spec 








Values 








Cl-B 

850 

(1200) 

1117 

(162) 

1427 (207) 

10 

8 

Cl-C 

650 

(1200) 

1089 

(158) 

1407 (204) 



2, Stress Rupture 







Specimen 

Temperature 

Stress 

Time to Failure, 



Number 


<°F) 

MPa 

(ksi) 

Hours 

RA % 

El % 

SR-7 

650 

(1200) 

1034 

(150) 

280.8 

6.3 

2.2 

SR-8 

650 

(1200) 

1034 

(150) 

315.4 

1.6 

2.2 

Spec 








Values 








Cl-B 

650 

(1200) 

1034 

(150) 

35 



Cl-C 

650 

(1200) 

1034 

(150) 

35 
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TABLE 5 

QUALIFICATION TEST RESULTS - ALLOY 2, HIP PLUS FORGED 

RENE 95 (Continued) 

Identification: CarTech VIM Heat V91085/Preform No* C525 
Ladish Company Forging EX 091 DFL Series -2 
Specification: GE C50TF54 


3* Creep 


Specimen 

Temperature 

Stress 

Time to 0.2 % 
Plastic Deformation, 
Hours 


Number 

°C 

cm 

MPa 

(ksi) 


SR-9 

593 

(1100) 

1034 

am 

205 


SR- 10 

Spec 
V alues 

593 

(1100) 

1034 

(150) 

235 


Cl-B 

593 

(1100) 

1034 

(150) 

100 


Cl-C 

593 

(1100) 

1034 

(150) 

100 


4 , Cyclic Rupture 

Specimen 

Temperature 

Stress 

Cycles to 


Number 

Q C 

cm 

MPa 

(ksi) 

Failure Hours 

1 

650 

(1200) 

1000 

(145) 

533 

17*1 

3 

a^o 

0200) 

1000 

(145) 

610 

19.1 

Spec 

Minimum 

Value 

650 

(1200) 

1000 

(145) 

300 


5. Residual Life 

Specimen _ 

Temperature 

Stress 

Cycles to 


Number 

°C 

CFJ 

MPa 

(ksi) 

Failure 


1-B 

538 

(1000) 

690 

(100) 

12.380 


2-B 

— 

— 

690 

(100) 

5.319 
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FD 14S019 


Figure 2 * Material and Specimen Layout Plan for HIP and Forged Rend 95 
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TABLE 6 

QUALIFICATION TEST RESULTS — ALLOY 3, WROUGHT 
WASPALOY PRODUCED FROM INGOT 
Producer: Ladish Company 
Heat Code: LRKB 2017 



Required 

Actual 

Chemical Composition;* 



Carbon 

0.02 to 0.10 

0.04 

Manganese 

0.75 max 

0.01 

Sulfur 

0.020 max 

0.005 

Silicon 

0.75 max 

0.03 

Chromium 

18.0 to 21.0 

10.25 

Cobalt 

12.0 to 15.0 

13.58 

Molybdenum 

2.5 to 5.0 

4.22 

Titanium 

2.75 to 3.25 

3.09 

Aluminum 

1.20 to L60 

1.29 

Zirconium 

0.02 to 0.12 

0.048 

Boron 

0.003 to 0.010 

0,0051 

Iron 

2.0 max 

0.68 

Copper 

0.10 max 

0.01 

Bismuth 

0.5 ppm max 

0.5 ppm 

Lead 

10 ppm max 

3.0 ppm 

Nickel 

Balance 

57.48 

Heat Treatment; 

1010°C to 1038°C/4/OQ 

101G°C/4/OQ 


843°C/4/AC 

843°C/4/AC 


760°C/I6/AC 

■760°C/16/AC 



Ultimate 

0.2% Yield 

% EL 

% RA 

Tensile Properties: 
Room Temperature 

Required Minimum 

1241 MPa 

862 MPa 

15 

18 

Actual 

1376.9 MPa 

1060.4 MPa 

21 

31 

538 C C 

Required Minimum 

1 103 MPa 

758 MPa 

15 

18 

Actual 

1240.4 MPa 

934.9 MPa 

22 

28 


Required Min , 

Actual 


Time 

% EL 

Time 

% EL 

Stress Rupture Strength: 

732°C, 552 MPa 

23 hr 

12 

56.8 

18 

816°C, 293 MPa 23 hr 

* Percent by weight unless otherwise noted. 

12 

42.5 

26 
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Section A A 



Figure 3 . Material and Specimen Layout Plan for Wrought Waspaloy Disk Forging 



TABLE 7 

QUALIFICATION TEST RESULTS — ALLOY 4, GATORIZED&' 
IN 100 PRODUCED FROM PREALLOYED POWDER 
Powder Source: Homogenous Metal 
Forging Vendor: P&WA 
Heat Code: BAQQ, HI05-A10 




Required 


Chemical Composition 

Min 

Max 

Actual 

Carbon 

0.05 

0.00 

<0.090 

Manganese 

— 

0.020 

0.02 

Sulfur 

— 

0.010 

<0.001 

Phosphorus 

— 

0*01.0 

0.006 

Silicon 

— 

0*10 

<0.10 

Chromium 

11,00 

12.90 

12.21 

Cobalt 

18.00 

19,00 

18.26 

Molybdenum 

2.80 

3.60 

3.20 

Titanium 

4.15 

4.50 

4.28 

Aluminum 

4.80 

5,15 

4.06 

Vanadium 

0.58 

0.98 

0.72 

Boron 

0.016 

0.024 

0.018 

Zirconium 

0.04 

0.08 

0.06 

Tungsten 

— 

0,05 

<0.05 

Iron 

— 

0.30 

<0.30 

Copper 

— 

0.07 

<0.07 

Columbium and Tantalum 

— 

0.04 

<0.04 

Lead* 

— 

0.0002 (2 ppm) 

<1 ppm 

Bismuth* 

— 

0.00005 (0.5 ppm) 

<0.3 ppm 

Oxygen 

— 

0.010 (100 ppm) 

76 ppm 

Nickel 

Remainder 


Balance 

I Teat Treatment; 

1 l21°C/2 hr/OQ 1121°C/2 hr/OQ 

871°C/40 min/AC 871"C/40 min/AC 


to below 371 

°C to below 371°C 


649°C/24 hr/AC 649°C/24 hr/ AC 

to below 371”C to below 371 °C 

760°C/4 hr/AC 760°C/4 hr/ AC 


to below 371 

°C to below 371°C 


Ultimate 

0.2% Yield 

% El % RA 

Tensile Properties 704 c C 
Required Minimum 

1172 MPa 

1014 MPa 

12 12 

Actual 

1269 MPa 

1051 MPa 

26,6 34.9 


Required Minimum 

Actual 


Time. 

% El 

Time % El 


Stress Rupture Strength: 

732°C f 655 MPa 23 hr 5 26.8 hr 10.3 


Required Minimum 

Time to 0,2% Offset Actual 


Creep Strength: 

704 fJ C, 552 MPa 100 hr 04% after 174.5 hr** 

*If determined 

**Creep on integral rings may be discontinued after 75 hr if 0,08% extension has 
not heen exceeded. 
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Figure 4 . Material and Specimen Layout Plan for GATOKIZED® IN 100 Pancake 
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. FE 169481 

Figure 5 . Strain Control LCF and Modified Compact Tension Specimens 


TABLE 8 

ELEVATED TEMPERATURE TENSILE PROPERTIES AT 650°C 


Material Ultimate 0.2% 

Identification Specimen Strength Yield EL RA 


Material 

or Heat Code 

Number 

(MPa) 

(MPa) 

(%) 

m 

HIP MERL 78 

UDIMET 

F-4 

1369 

1031 

22.5 

24.6 


Blend 79003 

F-o 

1361 

1024 

24.0 

25.5 


Disk S/N 102-2 






Rend 95 

CarTeeh V91085 

SR-4 

1475 

1110 

11.8 

14.4 

(HIP + forged) 

Preform C525 

SR-5 

1482 

1124 

14.6 

15.9 



SR“6 

1482 

1131 

12.1 

12.2 

Waspaioy 

LRKB-2017 

A4 

1259 

967 

22.5 

28.7 



A8 

1266 

947 

20.5 

25.2 

IN 100 

BAQQ,HIO5-A10 

19 

1359 

1113 

. 22.5 

25.3 



20 

1341 

1107 

21.0 

24.6 


^Results from disk/pancake forging BAKY-H45-A5, evaluated under NAS3-20367 (Ref- 
erence 1), with identical shape and processing as B AQQ-H 1 05-A I 0. The 704°C tensile 
results for these forgings were nearly identical 
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1,000X 20,000X 

FD 193467 

Figure 6. Optical Microstructure and Transmission Electron Micrographs 
of Alloy 1, HIP MERL 76 
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Figure 7. Optical Microstructure and Transmission Electron Micrographs 
of Alloy 2, HIP plus Forged Rend 95 
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Alioy 1 - Waspaloy Alloy 1 - Waspaloy 


FD 148005 

Figure 8. Optical Microstructure and Transmission Electron Micrographs 
of Alloy 3, Waspaloy 
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EVALUATION OF FATIGUE AND CYCLIC CRACK GROWTH 


General 

Strain control LCF and load-controlled crack growth tests characterized the cyclic behavior 
of the alloys under both cyclic and cyclic/dwell conditions. All testing was performed under 
isothermal conditions at S50°C (1200°F) which represents a typical operating temperature for the 
fracture critical areas of an advanced engine turbine disk. The cyclic tests were performed at a 
frequency of 0.33 Hz (20 cpm). Hold time per cycle for the cyclic/dwell tests was 900 sec {15 min) 
at maximum tensile strain for the LCF tests and at maximum tensile load for the crack growth 
tests. In addition, strain control LCF tests were conducted at other mean stresses, mean strains, 
variable cyclic hold times, and hold modes (stress hold vs strain hold) to determine the corres- 
ponding effects on LCF life. The latter two additional testing types are discussed later in this 
report under Creep-Fatigue Evaluations. Further crack growth tests were run in an inert atmos- 
phere (argon) to measure the effects of oxidation on cyclic crack growth rates. 

The experimental results provided data to directly compare the cyclic behavior of the four 
alloys tested herein and to make additional comparisons with the alloys tested under the pre- 
vious NASA contracts NAS3-20387 and NAS3-20388 (reported in NASA CR-159409 1 and 
CR-159433, 2 respectively). 


Strain Control LCF Testing 

Currently, there are no industry-wide accepted ASTM procedures for strain control LCF 
testing at elevated temperatures. The techniques for data generation and analysis used in the 
program appear in the following paragraphs. 

Testing Methods 

Specimen 

The specimen used in this program appears in figure 10 and the specimen print is shown in 
figure 11. Four basic requirements guided specimen design, and development: (1) strain distribu- 
tion be known over the gage section, (2) axial strain be accurately measurable, (3) minimum 
strain concentrations exist, and (4) failure location be in the gage section. Additional require- 
ments included ease of installation and simplification of calculations necessary to establish 
machine operating parameters. 

The specimen configuration, which includes integral machined extensometer collars, was 
determined experimentally using photoelastic and elastic/plastic strain analyses. A calibration 
procedure was established to relate the maximum strain to collar deflection during both the 
elastic and plastic portions of the strain cycle. Subsequently, finite-element and mathematical 
model analyses analytically verified the specimen design and calibration procedures. 3 

All test specimens were visually examined prior to testing in normal light and with fluores- 
cent penetrant to screen for machining anomalies or surface discontinuities. Additionally, ran- 
domly selected samples underwent thorough dimensional inspection to ensure conformance to 
print requirements. 
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Figure 10 . Strain Control LCF Specimen 
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Figure 11. Strain Control LCF Specimen Details 




Testing Procedures 

All testing machines were controlled under a system of calibration and preventative main- 
tenance schedules. System accuracies are within 2%. Approved calibration procedures, records, 
and National Bureau of Standards (NBS) traceability were retained for all test equipment from 
which data were obtained. 

Isothermal strain control LCF characteristics were determined for this program using ser- 
vohydraulic, closed-loop-on-axial strain LCF testing machines designed and built at P&WA/ 
Florida. A typical test machine with controls and readout instrumentation is shown in figure 12. 

Specimen axial strain was measured and controlled by means of a proximity probe extern 
someter. Split extensometer heads were attached to the specimen by mating the grooves in the 
heads with the integral collars on the specimen and bolting the assembly together. Collar deflec- 
tion is measured and controlled via proximity probes. Load measurement is obtained by a com- 
mercial tension-compression load cell 

An x-y recorder was used for recording load vs strain plots at predetermined cyclic intervals 
during testing. The recorder was calibrated with the extensometer so that the ratio of specimen 
collar deflection to x-y recorder pen movement in the “x” direction was known. The u y r ' axis of 
the x-y recorder was calibrated with the load cell so the ratio of specimen load to x-y recorder “y” 
axis pen movement was known. 

The strain control LCF tests were conducted at constant total strain ranges to establish 
cycles to failure generally in the 10 2 to 10 5 cycle life range. 

The cyclic tests utilized a triangular strain-time waveform at a frequency of 0.33 Hz (20 
cpm) with either a mean strain equal to zero (completely reversed strain cycle, R e = -1), as shown 
in figure 13, or a mean strain equal to one-half the maximum strain (all-tensile strain cycle, R e = 
0), as shown in figure 14. 

The cyclic/dwell test utilized the same ramp frequency and mean strains as the nondwell 
tests, but incorporated a hold time of 900 sec (15 min) at the maximum tensile strain. A typical 
dwell test waveform for the mean strain of zero case is shown in figure 15, Figure 16 details the 
all-tensile strain case. 


All specimens were cycled to failure in the strain-controlled test mode with load-strain 
hysteresis plots obtained at intervals throughout the life of the specimen. 

The number of cycles to complete specimen separation (N f ), and the number of cycles to 
produce a 5% drop in the cyclic load range (N 5 ) were determined for each test. The change in 
specimen compliance causing the drop in cyclic load range was used as an indicator for crack 
initiation. 

The total strain and the elastic, inelastic, and creep strain components were determined 
at the specimen half-life (N f / 2 ) from the hysteresis plots taken during each test. The strain 
components are described and presented in figures 13 through 16. 

All tests were conducted in air at 650°C (1200°F). Temperature was controlled uniformly 
over the specimen gage section using calibrated thermocouple and temperature readout and 
control instrumentation. 
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Figure 14. Typical Cyclic ( Nondwell) LCF Cycle , R< - 0 
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Figure 15 . 


Typical Strain-Dwelt LCF Test with R t - -1 
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Figure 16. Typical Strain-Dwelt LCF Test with R, = 0 


Low-Cycle Fatigue Test Results 

A minimum of six cyclic tests and four cyclic/ dwell tests were performed on each of the 
four turbine disk alloys involved in this contract. In addition, supplemental tests were con- 
ducted to investigate heat-to-heat or forging-to-forging LCF property variations in certain 
alloys, effects of high strain range on LCF life for several alloys tested in earlier contract 
work (NAS3-20367), and the effects of mean strain {strain R ratio) and mean stress of fatigue 
life. 


Stress range and mean stress vs cycles for each test were determined from hysteresis 
plots generated periodically during the test. The data were analyzed by computer to estimate 
cycles to 5% stress range drop (N 5 life) and then the results were plotted. The 5% stress range 
drop occurred approximately within the last 10% of the total cyclic life for the majority of the 
tests. Typical stress-strain hysteresis loops at the specimen half-life (N f /2) were recorded and 
are presented herein for all tests. Total strain range vs cycles to 5% stress range drop (N 5 life) 
and cycles to complete separation (N f ) are presented for each alloy. Each figure includes a 
strain range vs mean life regression curve. 

The regression model used for the cyclic (0.33 Hz, 20 cpm) tests is a composite exponen- 
tial function of the form Y = AN R + CN D + E, which relates total strain range (Y) to cyclic life 
(N). The inelastic strain component in this model is the AN B term, and the elastic strain 
component consists of the CN n + E terms. The inelastic strain was statistically regressed as a 
log-linear (straight line on log-log paper) function (Yj = AN R ), The elastic strain had the best 
statistically regressed curve fit as a nonlinear log (curved line on log-log paper) function (Y E = 
CN D + E). 
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The regression model used for the dwell (900-sec hold at max tensile strain) tests is a 
composite exponential function of the form Y = AN B + CN D , which relates total strain (Y) to 
cyclic life (N). The inelastic strain component in this model is the AB N term, and the elastic 
strain component is the CN D term* The inelastic strain was statistically regressed as a log- 
linear function (Y x = AB N ). The elastic strain was also statistically regressed as a log-linear 
function (Y t = CN D ) due to the limited quantity of dwell LCF test data. 

Inelastic strain range data for all alloys has been adjusted to conform to the following 
reporting system; 

If measured Ae ( - was: Then reported A^ was: 

Aq < 0.00005 <0.0001 

0*00005 < Aq < 0.00008 <0.0001 

0.00008 < Aq < 0.00015 0.0001 

Required use of this system stemmed from the relative inaccuracies of the inelastic 
strain data on this order of magnitude and the significant effect that these data could exhibit 
on the linear regressions of inelastic strain. Inelastic strain range data less than 0.0001 was 
estimated based on plots of stress range vs inelastic strain constructed from test results with 
measurable inelastic strains, and was used for regression analyses. 

The methodology of summing independent log-linear (or nonlinear) regressions of the 
elastic and inelastic strain components (Y = Y T + Y^ where Y = total strain, = inelastic 
strain, and Y ?] = elastic strain) has been used with excellent agreement with the actual total 
strain data generated in this program. Figure 17 illustrates this method of component strain 
summation* 

Fully Reversed LCF Tests (Mean Strain - 0, /?* = -1) 

Fully reversed strain cycle LCF tests were run for fully HIP'd MERL 76 and HIP plus 
forged Ren^ 95* These tests produced typical hysteresis loops and strain-time waveforms, as 
shown in figures 13 and 15. The following discussion details the test results achieved with 
each of the four alloys* 

HIP MERL 76 

Six cyclic tests (0*33 Hz) and five cyclic/dwell tests were completed with a fully reversed 
strain cycle* The dwell tests utilized a 900 sec hold time at maximum tensile strain. Three 
additional tests were conducted with an all-tensile strain cycle* (See Supplementary discus- 
sion.) Table 9 presents the test data* 

Stress range and mean stress vs life plots are shown in figures 18 and 20 for the cyclic 
tests and figures 19 and 21 for the cyclic/dwell tests. Typical stress-strain hysteresis loops at 
the specimen half-lives for the cyclic and dwell tests are presented in figures 22 and 23* 

Strain range vs life curves are presented in figures 24 and 25* These figures indicate 
that the 900 sec dwell reduces the fatigue life by a factor between 2 and 5, depending on total 
strain range. The stress range vs inelastic strain range relationship for the cyclic tests is 
presented in figure 26* 
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Figure 17 , Composite Experimental Fatigue Life Model Using Summation 

of Elastic and Inelastic Strain Components 
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TABLE 9 

CONTROLLED STRAIN LOW CYCLE FATIGUE RESULTS FOR HIP MERL 76 
Testing Conducted at 650°C (1200°F) in Air 
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Premature failure due to electrical power outage. 
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Figure 18 Stress Range vs Cycles for HIP MERL 76 (0.33 Hz, — 1} 
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Figure 22. Typical Hysteresis Loops J HIP MERL 76 Cyclic Tests 





Figure 23. Typical Hysteresis Loops f HIP MERL 76 Dwell Tests 
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Figure 24. Strain Control LCF Results for HIP MERL 76 (N 5 Life) 
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Figure 25. Strain Control LCF Results for HIP MERL 76 (Failure) 


(Tests Conducted in Air at 650°C, Frequency = 0,33 Hz) 



Figure 26. Stress Range vs Inelastic Strain Range for HIP MERL 76 


HIP Plus Forged Rend 95 

Seven cyclic tests (0,33 Hz) and four cyclic/dwell tests were performed for this alloy. 
Three additional tests were run with an all-tensile strain cycle, (See Supplementary discus- 
sion.) Data are presented in table 10. 

Stress range and mean stress vs life plots are given in figures 27 through 30. Typical 
stress-strain hysteresis loops appear in figures 31 and 32, Strain range vs life curves are 
shown in figures 33 and 34, 


Fatigue testing of Ren^ 95 was also conducted to compare Contractor (P&WA and GE) 
test results. Data from the previous NASA Contract NAS3-20368 2 with GE appears in table 
11 and in figures 35 and 36, The mean curve for the cyclic P&WA data is generally parallel 
to the mean of the cyclic GE data, however the curves are offset with the P&WA results 
somewhat greater in cyclic life than the GE data. It must be noted that these curves were 
generated with a limited quantity of data, and that the variance in the GE data itself is of 
this order of magnitude. 
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Test discontinued; no indication of failure. 
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Figure 29 . Mean Stress vs Cycles for Ren£ 95 (0.33 Hz, R t - -1) 
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Figure 30. Mean Stress vs Cycles for Ren4 95 (900-sec Dwell , R, = -1) 
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Figure 32. Typical Hysteresis Loops f Ren£ 95 Dwell Tests 
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Figure 33. Strain Control LCF Results for Rend 95 (N 5 Life j 
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Figure 34. Strain Control LCF Results for Ren4 95 (Failure) 
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!Note — This data has been reproduced from NASA Contract NAS3-20368 Final Report, NASA-CR- 159433. 2 
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Figure 35. Strain Control LCF Results for Rend 95 — Contractor Data 
Comparison (N s Life) 
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Figure 36 . Strain Control LCF Results for Rend 95 — Contractor Data 
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For specific tests where the total strain ranges are comparable (between P&WA and 
GE) r both stress ranges and strain components are similar. Figure 37 illustrates the stress vs 
inelastic strain range behavior for this alloy. The figure includes both P&WA and GE cyclic 
data, and a strain R comparison for the P&WA data. The P&WA and GE data agree well, 
except for three GE data points which appear anomalous. This indicates that both P&WA 
and GE measurements of inelastic strain are reasonably close, and the factor of 2 difference 
in life is probably attributable to specimen machining and surface preparation. Strain R ratio 
has little or no effect, as would be expected from the general relationship: A a - for the 
stress range (Aa) and inelastic strain (Ae p ). 

The cyclic/dwell vs life data from P&WA and GE agree quite well with the exception of 
one apparently anomalous GE test point. In this case, however, for the tests that are compar- 
able, the stress ranges are similar for given total strain ranges, but the strain components 
themselves differ. When compared with P&WA data, GE elastic strain components are lower, 
inelastic strain components are higher, and creep-strain components are similar. 
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Figure 37. Stress Range vs Inelastic Strain Range for Rene 95 
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All-Tensile Strain LCF Tests (Mean Strain = % Max Strain , Strain = 0) 


All-tensile strain cycle LCF tests were run for wrought Waspaloy and GATORIZED 
IN 100. These alloys were tested in earlier contract work (NAS3-20367) with a fully reversed 
strain cycle (R f = -1). Under actual turbine engine operating conditions, however, the strain 
cycle for many critical aircraft turbine disk locations can be better simulated with the all- 
tensile strain LCF cycle. For this reason and to obtain a better understanding of the effect of 
R, on LCF life, this test cycle was chosen. Typical hysteresis loops and strain-time waveforms 
appear in figures 14 and 16. 

This LCF cycle induces significant mean stresses into the specimen when running at 
low strain ranges, and the corresponding LCF life may be substantially reduced. These effects 
are discussed in more detail in a later section of this report entitled “Effects of Mean Stress 
and Mean Strain.” 

The following paragraphs present a discussion of the test results for Waspaloy and 
GATORIZED IN 100. 

Waspaloy 

Seven cyclic tests and five cyclic/dwell tests were conducted for this alloy. Table 12 
details the test data. The stress range and mean stress vs life plots are shown in Figures 38 
through 41. Note in figure 41 that the relaxation of mean stress vs time is nearly a straight 
line (log-linear) relationship. This could he approximated by a functional relationship of the 
form <t = A log t + B, where o equals mean stress and t equals time, and with further work 
could show promise in being integrated into an LCF life prediction model to describe the 
effect of hold time, mean stress, and strain range on LCF life. 

Figures 42 and 43 illustrate typical stress-strain hysteresis loops at half-life. Figures 44 
and 45 detail the total strain range vs life curves. These figures indicate that there is no sig- 
nificant difference in LCF life between the cyclic and 900 sec dwell tests below a total strain 
range of 0.85% at 650°C, and strain R = 0. To confirm the relationship of the cyclic and dwell 
LCF curves at these conditions an additional cyclic test was run at a similar strain range 
("-0.90%) as the long life dwell test. This test agreed with the cyclic LCF curve life prediction, 
and therefore the cyclic and dwell curves do indeed converge at approximately 0.85% strain 
range. This may be explained in terms of mean stress relaxation. From figure 40, it can be 
seen that the cyclic tests at the low strain ranges have mean stresses in the 250-350 MPa 
range which remain essentially constant for the duration of the test. And from figure 41, the 
mean stresses for the dwell tests relaxed to zero or even compressive in a relatively short 
time. At the lower strain ranges then, it would be expected that the LCF curves may tend to 
converge. The cyclic life of the no-dwell tests would be reduced due to the high mean stress, 
and the cyclic life of the dwell tests would be higher than expected due to mean stress relaxa- 
tion (both of the above conclusions are made in reference to results for mean stress of zero, 
mean strain of zero tests). It is interesting to note that the degrading effect of the dwell time 
is completely offset by the beneficial effect of mean stress relaxation for these dwell tests at 
low strain ranges. 

The stress range vs inelastic strain range relationships for Waspaloy at the R* = 0 condi- 
tion tested under this contract and R* = -1 condition tested under NAS3-20367 are presented 
in figure 46. The relationship is log-linear. 
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TABLE 12 

CONTROLLED STRAIN LOW-CYCLE FATIGUE RESULTS FOR TURBINE DISK ALLOY 3, WASPALOY 

Testing Conducted at 650 °C (1200 C F) 
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Cyclic tests conducted at 0.213 Hz (20 cpmK 
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Figure 40. Mean Stress vs Cycles for Waspaloy (0.33 Hz „ R e = 0} 
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Figure 41. Mean Stress v$ Cycles for Waspaloy (900-sec Dwell , R f = 0) 

47 


FD 193479 


Mean Stress (k$i) 



S/N 7 S/N 6 S/N 5 S/N 20 S/N 3 S/N 2 S/N I 


isi| - ssjjjs 



48 


TY^ure 42, Typtea/ //ys teres is ioops, V^aspa/oy Cyc/te Teste 



1400 



Figure 43. Typical Hysteresis Loops , Waspaloy Dwell Tests 
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Figure 44. Strain Control LCF Results for Waspaloy (N s Life) 



Figure 45. Strain Control LCF Results for Waspaloy (Failure) 
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Tests Conducted in Air at 650°C, Frequency = 0.33 Hz 
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Figure 46. Stress Range vs Inelastic Strain Range for Waspaloy 
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GATORIZED IN 100 


The pancake forging of IN 100 used in this contract (BAQQ-H105-A10) differed from the 
forging used for IN 100 evaluations tested previously (Heat BAKY-H45-A5) under NAS3- 
20367. In order to ensure that there were no significant differences in the LCF properties 
between the two pancakes, several supplementary tests were conducted from the new pancake 
forging at comparable strain levels with tests run during the previous NASA contract. As can 
be noted from the data presented in the “Supplementary Tests’* section of this report, there 
was no significant difference in the LCF properties of the two forgings. 

Six cyclic tests and four cyclic/dwell tests were conducted using an all-tensile strain 
cycle. Table 13 lists the test data. Stress range and mean stress vs life plots are shown in 
figures 47 through 50, Mean stress relaxation (figure 50) for dwell tests of IN 100 also shows 
a roughly linear decay with log (time) or log (life), as noted with the Waspaloy dwell tests. 
Mean stress exerts a significant effect on LCF life for both cyclic and cyclic/dwell test 
conditions. 

To further investigate this mean stress vs life phenomenon, supplementary strain control 
LCF tests were conducted where the mean stresses were held constant. This work is discussed 
further in a later section of this report entitled “Effect of Mean Stress and Mean Strain.” 

Figures 51 and 52 illustrate typical stress-strain hysteresis loops at the specimen half- 
life. Figures 53 and 54 present total strain vs life curves. 


Stress range vs inelastic strain data for IN 100 is plotted in figure 55. Both = 0 and 
R t = -1 (tested previously) are included. R e has little or no effect on the stress range vs inelas- 
tic strain relationship. 

Supplementary Testing 

Supplementary tests were conducted under this contract to resolve special problems and 
questions which arose during the progress of testing. These supplemental tests investigated 
four areas of concern: 

1. Forging to forging LCF property variations (in IN 100 and NASA IIB-7 
pancake forgings) 

2. High strain range tests for 5 alloys tested previously under NAS3-20367 

3. Effects of strain R ratio (for HIP MERL 76, Ren^ 95, Waspaloy, IN 100, 
and NASA IIB-7 materials) 

4. Effect of mean stress on LCF life (IN 100). 

The latter two items are dealt with in the following section entitled “Effect of Mean Stress 
and Mean Strain.** A discussion of the first two items appears in the following paragraphs. 

Forging to Forging Low-Cycle Fatigue Studies 

Four strain control LCF tests of alloy 4, GATORIZED IN 100, were conducted using a 
completely reversed strain cycle (mean strain - 0), as shown in figures 13 and 15, The initial 
tests of this alloy were run at comparable strain ranges with the tests run under Contract 
NAS3-20367 to assure that there were no significant differences in the LCF properties of the 
pancake forging used in this contract (Heat BAQQ-H105-A10) and the pancake forging tested 
previously (Heat BAKY-H45-A5). 
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TABLE 13 

CONTROLLED STRAIN LOWUYCLE FATIGUE RESULTS FOR TURBINE DISK ALLOY, 

GATORIZED# IN 100 
Testing Conducted at 650 c C (1200°F) 


Strom R Mean Stress Cycles 


Spec 

Type* 

Ratio 

Strain j'j7i / 

'm at Nf/2 ) 

at Nf. 

'2 

lS£jvss Range 


to Failure 

S/N 

Test 

/min/ max} 

Range 

Elastic 

Inelastic 

Creep 

MPa 

ksi 

Cycle l 

Nf/2 

Stability 

jVr% 

*7 

4 

Cyclic 

-1 

0.0147 

0.0104 

0.001 J 

0 

-2 

-0.2 

2291 MPa 
(332.3 Lai) 

2377 MPa 
{344.8 ksi) 

Harden 

258 

412 

5 

Cyclic 

■0 

0.0101 

0.0100 

0.0001 

0 

-:je 

-5.2 

1796 MPa 
(260.4 ksi) 

1791 MPa 
(259.7 ksi) 

Stable 

4,968 

5,448 

U) 

Cyclic 

-1 

0.0090 

0.0090 

^0.0001 

0 

-80 

-11.7 

1010 MPa 
(223.5 ksi) 

1600 MPa 
(232.1 ksi) 

Stable 

52,961 

53,363 

9 

Cyclic/Dwell 

-1 

0.0124 

0.01 15 

0.0009 

0.0002 

-38 

-5.fi 

2076 MPa 
(300.9 ksi) 

2065 MPa 
(299.5 ksi) 

Stable 

351 

375 

1 

Cyclic 

Cl 

0.0144 

0.0134 

0.0010 

0 

-74 

-10.7 

2275 MPa 
<329.9 ksij 

2221 MPa 
(330.6 ksi) 

Slight 

Hardening 

450 

409 


Cyclic 

0 

0.0124 

0.0121 

o.ooos 

0 

161 

23.:.! 

1987 MPa 
(288.2 ksi) 

2011 MPa 
(291.6 ksi) 

Stable 

905 

950 

3 

Cyclic 

0 

0.0099 

o.ouyy 

0.0001 

0 

286 

41.5 

1684 MPa 
(244.2 ksi) 

1060 MPa 
1240.8 ksi) 

Stable 

2.989 

2,134 

6 

Cyclic 

o 

0.0075 

0.0075 

<0.0001 

0 

458 

60.4 

1255 MPa 
(182.0 ksi) 

1255 MPa 
1182.0 ksi) 

Stable 

27,125 

28.584 

7 

Cyclic 

0 

0.0087 

0.0080 

0.0001 

0 

339 

■19.2 

1510 MPa 
(218.9 ksi) 

1496 MPa 
(216.9 ksi) 

Stable 

6,041 

6,242 

8 

Cyclic 

0 

0.0065 

0.0005 

<0.0001 

0 

470 

60.0 

1128 MPa 
(163-6 ksi) 

1 1 42 MPa 
(165.6 ksi) 

Stable 

88,514 

93,686 

11 

Cyclic/ Dwell 

0 

0.0122 

0.0109 

0.0013 

0.0002 

-84 

-12.2 

1991 MPa 
(288.8 ksi) 

1996 MPa 
(289.5 ksi) 

Stable 

210 

328 

12 

Cyclic ''Dwell 

0 

0.0100 

0.0097 

0.0003 

O.OQOl 

56 

3.2 

1721 MPa 
1249.0 ksi) 

1716 MPa 
(248.9 ksi) 

Stable 

775 

889 

13 

Cyclic /Dwell 

0 

0.0111 

0.0105 

0.000G 

0.0002 

9 

1.3 

1900 MPa 
(275.6 ksi) 

1879 MPa 
(272.6 ksi) 

Stable 

333 

450 

14 

Cyclie/Dwell 

0 

0.0090 

0.0088 

0.0002 

^0.0001 

150 

21.8 

1506 MPa 
(227.2 ksi) 

1563 MPa 
(226.7 ksi) 

Stable 

2.122 

2,243 


^Cyclic teats con ducted at 0.33 H?. (20 cpm). 

Cydic/ Dwell tests have a 900 see (15 min) hold lime at the maximum tensile strain. Ramp frequency is the same as the cydic tests. 
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Figure 5L Typical Hysteresis Loops t IN 100 Cyclic Tests 



Figure 52, Typical Hysteresis Loops , IN 100 Dwell Tests 
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Figure 53* Strain Control LCF Results for GATORIZED" IN 100 (N s Life) 
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Figure 54. Strain Control LCF Results for GATORIZED IN 100 (Failure) 


(Tests Conducted in Air at 650°C, Frequency, - 0,33 Hz) 



Figure 55. Stress Range vs Inelastic Strain Range for IN 100 


Three cyclic tests and one cyclic/dwell test were completed with test results tabulated in 
table 13. The test data indicate that there were no significant differences in the LCF proper- 
ties of the two forgings. 

Stress range vs cycles for each test was determined from load-strain hysteresis loops 
generated periodically during the test, as shown in figures 56 and 57 for the cyclic tests and 
figures 58 and 59 for the cyclic/dwell tests. Test data generated during this program arc iso- 
lated in figures 56 and 58 and are shown superimposed on previous test data (NAS3-20367) 
for comparison in figures 57 and 59, 

Total strain range vs cycles to 5% stress range drop and cycles to complete separation 
are detailed in figures 60 and 61. Data from earlier contract work are presented for comparb 
son. It can be observed that there are no significant differences in the LCF properties of the 
two forgings. 

Test specimens had been machined from a cross-roll pancake forging of NASA IIB-7 to 
study the effect of strain R ratio. This pancake material was forged from a HIP-processed 
powder billet from heat KR-376 which is the same heat of material used for testing of this 
alioy under Contract NAS3-20367. 
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Figure 56. Stress Range vs Cycles for IN 100 (0.33 Hz> i? e = -1) 
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Figure 57. Composite Plot of Stress Range vs Cycles for IN 100 for Com- 
parison with Previous Contract (NAS3-20367) Test Results (0.33 
R* = -1) 
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Figure 58, Stress Range us Cycles for IN 100 (900-sec Dwell f R t = -1) 



Figure 59 . Composite Plot of Stress Range us Cycles for IN 100 for Com- 

parison with Previous Contract (NAS3-2Q367) Test Results , (900- 
sec Dwell , R t = -1) 
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Figure 60. Strain Control LCF Results for Alloy 4, GA TORI ZED' IN 100, 
for Comparison with Previously Generated Contract (NASS’ 
20367) Test Results (Re - - 1 , N 5 Life) 
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Strain Control LCF Results for Alloy 4 , GATORIZED' IN 100 , 
for Comparison with Previously Generated Contract (NAS3- 
20367) Test Results (R* = ~l t Failure) 
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Five cyclic tests with a fully reversed strain cycle (strain R = -1) were conducted to 
determine if there was any billet-to-billet variation between this material and that which was 
previously tested under Contract NAS&20367. The data are plotted in figures 62 and 63* The 
data generally agree; however, there is some divergence at the lower strain ranges* The two 
test points at approximately 1.0% strain range had much longer LCF life than expected. Upon 
failure, the fractures were examined and the initiation sites were found to be internal at 
probable nonmetallic inclusions (see figure 64)* It has been experienced with high strength 
powder alloys that, at low strain ranges, the failures frequently initiate at internal inclusions, 
and the LCF lives associated with this type fatigue initiation are often longer than normally 
expected for surface initiations. 

Billet-to-billet comparison data were examined statistically with a confidence level of 
95%. Differences were found to be insignificant. Stress range and mean stress vs life plots are 
shown for this testing in figures 65 and 66. The test results for NASA IIB-7 appear in table 
14* Subsequent strain R ratio tests were then run and reported in the “Effects of Mean Stress 
and Mean Strain” section of this report. 

High Strain Range Tests 

Five tests have been run on the five alloys (one test of each) investigated under the pre^ 
vious NASA contract NAS3-20367. The five alloys were: Waspaloy, wrought Astroloy, NASA 
IIB-7, HIP Astroloy, and IN TOO* Strain ranges under the previous contract were necessarily 
low in order to generate test data in the long life regime typical of military aircraft engine 
operating conditions* These tests generally yielded low inelastic strain ranges, and made the 
inelastic strain vs life regression lines highly dependent on extremely small strain values (less 
than 0.0001 m/m), which are below the resolution and accuracy of the test equipment. In 
order to increase confidence in the slopes of these curves (Aq vs life), these tests were con- 
ducted with high strain ranges (Ae t ^ 2*0%) and consequently with large inelastic strain 
ranges (At,). The tests were cyclic (0.33 Hz) with a fully-reversed strain-time waveform, as 
shown in figure 13. Test results are shown in table 15. Data analysis proceeded to reevaluate 
the strain range vs life curves generated under the earlier contract using this new data. New 
strain range vs failure life curves for these five alloys are presented in figures 67 through 71* 
New life equations and coefficients are given in the Alloy Comparison section of this report* 


Effects of Mean Stress and Mean Strain 

Strain R Ratio Effects 

^ _ minimum strain 
e maximum strain 

Testing of Waspaioy and IN 100 was conducted at R t = 0 for comparison with earlier 
work (NAS3- 20367) on these same alloys at R e = -1* In general, strain R ratio imparts little 
effect at high total strain ranges and large effects at lower strain ranges* At the lower strain 
ranges, mean stress is generally high. At high strain ranges, mean stress approaches zero. 
This effect of decreasing mean stress with increasing strain range (for all-tensile strain tests) 
is shown in figure 72. Note also in this diagram that yield stress is a critical factor in deter- 
mining at what total strain range the mean stress reduction begins. 
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rtl 

Figure 62. BiUet-to-BiUet Comparison for Supplementary Strain Control LCF 
Testing of NASA IIB-7 (N s Life) 



Figure 63. Billet-to-Billet Comparison for Supplementary Strain Control LCF 
Testing of NASA JIB-7 ( Failure ) 
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Figure 65. Stress Range us Cycles for Billet-to-Billet Comparison Supple- 
mentary Tests of NASA IIB-7 (0.33 Hz, i? £ = -1) 



Figure 66. Mean Stress vs Cycles for Billet-to-Billet Comparison Supple- 
mentary Tests of NASA IIB-7 (0,33 Hz, R f = -1) 
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Mean Stress (kji} 



TABLE 14 

CONTROLLED STRAIN LOW-CYCLE FATIGUE TEST RESULTS FOR NASA IIB-7 

Testing Conducted at 650°C (1200°F) 
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* Cyclic tests conducted at 0.33 Hz (20 cpm) 

^Supplementary tests to determine strain R ratio effects, material taken from a cross -rolled pancake, heat KR-376. 
***Failure initiated at an internal inclusion or void. 
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Figure 67. High Strain Range LCF Results for Waspaloy 



Figure 68. High Strain Range LCF Results for IN 100 
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Figure 71. High Strain Range LCF Results for NASA IIB-7 
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Figure 72, Mean Stress vs Total Strain Range for a Typical Turbine Disk 
Alloy 
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Note that for Waspaloy (figure 40) and for IN 100 (figure 49) at the high strain ranges, 
the mean stresses are near zero due to large first cycle yielding (and similar to mean stress 
data taken from fully reversed strain tests conducted in the previous Contract NAS3-20367). 
At the lower strain ranges, the mean stresses significantly deviate from zero (in the 300-500 
MPa range). The effect is not as great for Waspaloy due to its lower yield strength (hence 
lower mean stress at similar strain ranges when compared with IN 100) and the generally 
flatter monotonic stress-strain curve shape. 

Data for Waspaloy from the previous NASA Contract NAS3-20367 with P&WA is pre- 
sented for comparison with current contract testing in figures 73 and 74. These figures show 
the effect that mean strain and mean stress have on LCF life. It can be seen in figure 74 that 
at high strain ranges (where mean stress ™ 0) there is no significant difference between tests 
run with a fully reversed strain cycle and those with an all-tensile strain cycle. However, at 
the lower strain ranges (less than 0.7%, with mean stresses > 300 MPa) the effect of mean 
strain becomes evident. This same phenomenon is observed more clearly with IN 100. Dwell 
tests for Waspaloy do not exhibit any clear behavior of this type, possibly due to rapid mean 
stress relaxation and, hence, longer than expected life for the R t = 0 tests or possibly due to 
the limited quantity of tests used to define the curves. 

Data from current testing and previous contract work with IN 100 are presented in fig- 
ures 75 and 76. For the high strain range tests, the effect of mean strain is not significant. 
However, at low strains (with corresponding high mean stresses) the differences in LCF prop- 
erties between test runs with R t = -1 and tests with R, = 0 are significant. Dwell tests for IN 
100 exhibit similar behavior. 

In addition to expressions for cyclic strain ranges, mean stress (rather than mean strain) 
appears to be the critical parameter for LCF life predictions for these alloys. 

Three supplementary tests have been performed to examine the effect of R* on LCF life 
for HIP MERL 76. Strain range and mean stress vs life plots are shown in figures 77 and 78. 
Strain range vs life curves are illustrated in figures 79 and 80. At the higher strain ranges 
(greater than 1.20%), there appears to be no significant difference in fatigue life. At the lower 
strain ranges (approximately 0.80%), the LCF life at the all-tensile strain condition exhibits a 
reduction of one to two orders of magnitude. This effect, due primarily to mean stress, was 
observed on several other alloys investigated under this contract. The test data appears in 
table 9. 


Three supplementary tests were also run to determine the effect of strain ratio on the LCF 
life of HIP plus forged Ren£ 95. Stress range, mean stress, and strain range vs life plots for these 
tests are presented in figures 81, 82, and 83, respectively. Strain ratio produced a significant 
effect on LCF life. An approximate order of magnitude reduction in life occurs at low strain 
ranges «G,80%). The long-life test failure initiation site however, was at a probable internal 
inclusion. This may have contributed to a longer life than anticipated. The entire long life regime 
for the all tensile strain curve shown in figure 83 is dependent on this one test point and should 
be viewed with caution. Iiad the failure initiated at the surface, then it would be expected that an 
even greater reduction in life would occur due to strain ratio. It would require a number of addi- 
tional tests to confirm the degree of effect of strain R ratio. Test data appears in table 10, 
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Controlled Strain LCF Tests Conducted at 650°C (1200°F) 
Ramp Frequency = 0.33 Hz 

I I 




Cycles to Failure (IMF) 

F0 19349E 

Figure 73. Effect of Strain Ratio on the Cyclic Strain Control LCF Results 

for Waspaloy 

Controlled Strain LCF Tests Conducted 
at 650°C (1200°F), Dwell Time = 900 sec. 
Ramp Frequency = 0.33 H* 

Typical Dwell Typical Dwell 

R = n Test Cycle Test Cycle 


■ R e = -! 



R e = -1 
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Cycles to Failure (NF) 
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Figure 74 . Effect of Strain Ratio on the Dwell Strain Control LCF Results 

for Waspaloy 
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Figure 75. Effect of Strain Ratio on the Cyclic Strain Control LCF Results 
for IN 100 



for IN 100 
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Figure 77 . Stress Range vs Cycles for Supplementary Tests of HIP MERL 
76 (0.33 Hz. R f = 0) 
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Figure 78. Mean Stress us Cycles for Supplementary Tests of HIP MERL 
76 (0.33 Hz, R* = 0) 
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Figure 79 ♦ Effect of Strain Ratio on the Strain Control LCF Results for 

HIP MERL 76 (N 5 life) 
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Figure 80. Effect of Strain Ratio on the Strain Control LCF Results for 
HIP MERL 76 (Failure) 
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Figure 81. Stress Range vs Cycles for Rend 95 (0.33 Hz, i? t = 0) 
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Figure 83. Effect of Strain Ratio on the Strain Control LCF Results for 
Rend 95 (Failure) 
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Four cyclic tests with an all tensile strain cycle {strain R = 0) were conducted to observe 
strain ratio (R t ) effects for NASA IIB-7. Stress range, mean stress, and strain range vs life 
results are shown in figures 84 through 87, As was experienced with the other high strength 
alloys reported previously, there was a significant degradation in life (one to two orders of 
magnitude) caused by the higher mean stresses encountered with the R t = 0 testing at the 
lower strain ranges. At the high strain ranges, the mean stress would approach zero for the 
strain R = 0 case, and the effect of strain ratio was negligible. Strain ratio produced no effect 
on the stress range vs inelastic strain range behavior, as shown in figure 88. Test data for 
NASA IIB-7 is given in table 14, 

Constant Mean Stress Testing 

To further investigate the mean stress vs life phenomenon, five supplementary controlled 
strain tests were conducted where the mean stresses were held constant. Figure 89 shows a 
typical hysteresis loop for this type of test. Test results are shown in table 16 and figure 90, 
These results show that variations in the tensile mean stress cause roughly linear shifts in 
the basic LCF curve. Compressive mean stresses, however, exert much less influence. 

Alloy Comparisons 

Fully Reversed Low-Cycle Fatigue Tests (R f = -1) 

Testing under this contract for fully reversed strain control LCF evaluations involved 
primarily two alloys: HIP MERL 76 and HIP plus forged Ren6 95, In addition, supplementary 
tests were conducted for each of the five alloys tested under Contract NAS3-20867. 

Composite regression curves for all seven alloys at 0,33 Hz are compared in figures 91 
and 92, Table 17 lists the mean curve equations and coefficients. The general rank order from 
best to worst at low strain ranges (those which yield approximately 100,000 cycles life) is: 

Rent* 95 H + F 
HIP MERL 76 
NASA IIB-7 
IN 100 

Wrought Astroloy 
HIP Astroloy 
Waspaloy 

This ranking is in general agreement with the rank order by tensile strength (highest to low- 
est) listed below: 

NASA IIB-7 
Ren£ 95 H + F 
HIP MERL 76 
Wrought Astroloy 
IN 100 
Waspaloy 
HIP Astroloy 
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Figure 84. Stress Range vs Cycles for Supplementary Tests of NASA IIB-7 
(0.33 Hz, R t = 0) 
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Total Strain Range (Percent) 



Cycles- to Failure 

Figure 90 . Controlled Strain LCF Tests Conducted at 650° C 
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TABLE 17 

MEAN REGRESSION EQUATION COEFFICIENTS FOR 
LCF CURVES FOR ALL ALLOYS 


Test Temperature = 650°C (1200°F), Cyclic Test Frequency = 0.33 Hz, 

Dwell Time = 900 sec at Max Tensile Strain, R = Strain R Ratio (min strain/max strain) 
Equations are of the form * . * TSR = AN B + CN D + E 
Where TSR = Total Strain Range {%), and N = Cycles 
To Failure (N f ), or to 5% Load Range Drop (N R ) 


Alloy 

Mode 

R 

N 

A 

B 

C 

D 

E 

Waspaloy 

Cyclic 

0 

N f 

936.948 

-1,15071 

1.93315 

-0.0966144 

0*0 

Waspaloy 

Cyclic 

0 

N s 

741.717 

'1.13499 

1.89583 

-0.0953074 

0.0 

Waspaloy 

Cyclic 

-1 

N f 

331.304 

-1.06045 

2.69095 

-0.220823 

0.469 

Waspaloy 

Cyclic 

-1 

N« 

277.18 

-1,0543 

3.30207 

-0.272527 

0,536 

Waspaloy 

Dwell 

0 

N f 

11.1136 

-0.662964 

1.92005 

-0.0954342 

0.0 

Waspaloy 

Dwell 

0 

n 5 

10.4326 

-0.659782 

1.90049 

-0.0948072 

0.0 

Waspaloy 

Dwell 

-i 

N f 

174.506 

-1.028 

2.49034 

-0.133992 

0,0 

Waspaloy 

Dwell 

-1 

N B 

105.453 

-0.976823 

2.32937 

-0.127169 

0.0 

IN 100 

Cyclic 

0 

N f 

6.47614 

-0.742463 

5.19399 

-0,285168 

0,455 

IN 100 

Cyclic 

0 

N 5 

6.34148 

-0.744273 

5.15103 

-0.285836 

0.455 

IN 100 

Cyclic 

-1 

Nf 

6,13167 

-0.585313 

2.7693 

-0.224129 

0.64 

IN 100 

Cyclic 

-1 

Nr , 

5.73815 

-0.587497 

2.69893 

-0.224924 

0.64 

IN 100 

Dwell 

0 

N f 

40.0167 

-L02353 

2.07428 

-0.111397 

0*0 

IN 100 

Dwell 

0 

n 5 

31.727 

-1.00941 

1.97707 

-0.106343 

0.0 

IN 100 

Dwell 

-1 

N f 

5.04254 

-0.672029 

1.79707 

-0.0835582 

0.0 

IN 100 

Dwell 

-1 

N n 

3.52309 

-0.634389 

1.71731 

-0.0787505 

0.0 

Wrought Astroloy 

Cyclic 

-1 

N f 

43.1896 

-0.911588 

4,75333 

-0.343688 

0.648 

Wrought Astroloy 

Cyclic 

-1 

Ns 

41.1255 

-0.916571 

4.54908 

-0.342337 

0*648 

Wrought Astroloy 

Dwell 

-1 

N, 

27.8907 

-0.822963 

2.14405 

-0.108223 

0.0 

Wrought Astroloy 

Dwell 

-1 

N s 

17.7961 

-0.775867 

2*02414 

-0.102246 

0.0 

HIP Astroloy 

Cyclic 

-1 

N f 

224.175 

-L04752 

6.32319 

-0.369926 

0*603 

HIP Astroloy 

Cyclic 

-1 

n 5 

227.915 

-1.06715 

6,31806 

-0.376058 

0.603 

HIP Astroloy 

Dwell 

-1 

N f 

,33.5797 

-0.845435 

2*17623 

-0.116679 

0.0 

HIP Astroloy 

Dwell 

-1 

N A 

26.1559 

-0.821618 

2.10282 

-0*113414 

0.0 

NASA IIR-7 

Cyclic 

0 

N f 

10.735 

-0.826323 

2.65865 

-0.116753 

0.0 

NASA IIB-7 

Cyclic 

0 

n 5 

9.92219 

-0*823956 

2.63281 

-0.116592 

0,0 

NASA IIB-7 

Cyclic 

-1 

Nf 

10,5751 

-0.730747 

2*20074 

-0.205722 

0.68 

NASA IIB-7 

Cyclic 

-1 

N 0 

9.89921 

-0.730275 

2.1636 

-0.205787 

0.68 

NASA IIB-7 

Dwell 

-1 

N f 

1.13662 

-0*482994 

1.76866 

-0.069406 

0,0 

NASA IIB-7 

Dwell 

-1 

n 5 

0.984671 

-0.466046 

L 73737 

-0.0673532 

0.0 

Ren4 95 H+F 

Cyclic 

0 

N, 

27.0814 

-0*832871 

5.9552 

-0,399425 

0.801 

Ren£ 95 H+F 

Cyclic 

0 

N s 

21.4514 

-0.811924 

5*31875 

-0.389216 

0*801 

Ren<* 95 H+F 

Cyclic 

-1 

N f 

6.87115 

-0.577588 

2.30477 

-0.204706 

0.72 

Ren<* 95 H+F 

Cyclic 

-1 

n 5 

6.22047 

-0*582488 

2.20082 

-0,201343 

0.72 

Rent* 95 H+F 

Dwell 

-1 

N f 

6.8949 

-0.779243 

1.93584 

-0.0802282 

0*0 

Ren£ 95 H+F 

Dwell 

-1 

N.-, 

6.34249 

-0.770933 

1.91887 

-0.0793418 

0.0 

HIP MERL 76 

Cyclic 

0 

N f 

334.444 

-1.29965 

8.37155 

-0.353545 

0.546 

HIP MERL 76 

Cyclic 

0 

N* 

384.81 

-1.33284 

6.88222 

-0.312189 

0.468 

HIP MERL 76 

Cyclic 

-1 

N f 

33*9208 

-0.949977 

5.8441 

-0,352211 

0*819 

HIP MERL 76 

Cyclic 

-1 

n 5 

31.765 

-0*948028 

5,69177 

-0.351242 

0,819 

HIP MERL 76 

Dwell 

-1 

N f 

15.519 

-0.775396 

2,55542 

-0.117991 

0.0 

HIP MERL 76 

Dwell 

‘1 

n 5 

14.2086 

-0*770022 

2.53148 

-0*117747 

0.0 



At the higher strain ranges (approximately 2.0%), the rank order reverses somewhat in 
accordance with the tensile ductilities: 

Waspaloy 
HIP Astroloy 
HIP MERL 76 
Wrought Astroloy 
Ren<* 95 H+F 
IN 100 
NASA IIB-7 

HIP Astroloy 
Wrought Astroloy 
Waspaloy 
HIP MERL 76 
IN 100 

Ren£ 95 H + F 
NASA IIB-7 

Cyclic stress-strain curves were reconstructed from these strain control tests and are pre- 
sented in figure 93. The curves were obtained by plotting one-half the total stress range vs 
one-half the total strain range as measured at the specimen half-life (N f /2). 

Composite regression curves for all seven alloys tested with the 900-sec dwell at the 
maximum strain are compared in figures 94 and 95. The mean curve equations and coeffi- 
cients are given in table 17. The rank order of the alloys at low strain ranges (for 10,000 
cycles life) under these test conditions is: 

NASA IIB-7 
Ren<* 95 H + F 
HIP MERL 76 
IN 100 

Wrought Astroloy 
HIP Astroloy 
Waspaloy 

This approximates the cyclic test results, with the exception of NASA IIB-7. 

The effect of the 900-sec dwell time on fatigue life varied from alloy to alloy. A compari- 
son of N^ lives obtained at a total strain range of 1.0% is detailed below: 


Rank Order by LCF life 
(highest to lowest at = 2.0%) 


Rank Order by Tensile Ductility 
(highest to lowest) 


Alloy 

N 5 Life 
f 0.33 Hz) 

Waspaloy 

2,580 

IN 100 

10,050 

Wrought Astroloy 

2,400 

HIP Astroloy 

2,450 

NASA IIB-7 

12,500 

Rend 95 H + F 

36,500 

HIP MERL 76 

19,500 


N$ Life Percent 

(900-sec Dwell) Reduction in Life 


1,500 

42 

1,500 

85 

1,700 

29 

1,340 

45 

4,800 

62 

4,100 

89 

3,200 

84 
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Stress - MPa 


HIP Astroloy 


Waspaloy 



Rene 95 H + F 


Wrought Astroloy 


Plotted Stress = Aa/2 at Nf/2 
Plotted Strain = Ae r /2 at Nf/2 
Test Temp = 650°C 


Symbol Material 
O - Waspaloy 
(3) - Wrought Astroloy 
A - NASA I IB-7 
□ - HIP Astroloy 
<^> - IN 100 
0 - HIP MERL 76 

- Rene 95 H + F 


Typical Cyclic 
Test Cycle 
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Figure 93. Reconstructed Cyclic Stress-Strain Curves for All Seven Alloys 
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Stress - ksi 


Total Strain Range (Percent) 



Cycles to 5% Load Range Drop (N5) 


Figure 94 . Comparison of Dwell Strain Control LCF Properties of Seven 
Alloys Tested Under NAS3-21S79 and NAS3-20367 (R, = -J, 
900-sec Dwell , N 5 Life) 

E 00 Cyclic Behavior of Aircraft Turbine Disk Alloys at 650°C 



Figure 95. Comparison of Dwell Strain Control LCF Properties of Seven 
Alloys Tested Under NAS3-21379 and NAS3-20367 (R t = ~1, 
900-sec Dwell, Failure) 
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Wrought Astroloy exhibited the smallest reduction in life (29%) due to the hold time; 
Waspaloy and HIP Astroloy showed similar reductions at 42 and 45%, respectively* The 
higher strength alloys produced large reductions with NASA IIB-7 at 62%, followed by HIP 
MERL 76 (84%), IN 100 (85%), and Ren<* 95 H + F (89%). 

Aff-Tensife Strain LCF Tests (R L = 0) 

Testing under this contract for all-tensile strain LCF evaluations involved primarily 
Waspaloy and IN 100. In addition, several supplementary tests were performed on HIP 
MERL 76, HIP plus forged Ren4 95, and NASA IIB-7 to evaluate the effect of strain R ratio 
on these alloys. Testing of this type was conducted to better simulate surface strain behavior 
at LCF-limited locations of aircraft turbine disks under actual operating conditions. 

Composite regression curves for all five alloys at 0*33 Hz are compared in figures 96 and 
97* The mean curve equations and coefficients appear in table 17. The rank order of the 
alloys at low strain ranges (approximately 100,000 cycles life) appears below: 

Ren<* 95 H + F 
NASA IIB-7 
HIP MERL 76 
IN 100 
Waspaloy 


Again, this closely approximates the order expected based on relative tensile strength* The 
only exception is the unusually high life of the Ren£ 95 H + F. It should be emphasized that the 
curve for Ren^ 95 H + F in figures 96 and 97 should be viewed with caution (hence it is shown 
dotted) due to (1) the limited quantity of tests used to generate this curve and (2) as mentioned 
earlier, the longer life test point where failure initiated at an internal inclusion* 


The rank order at higher strain ranges (approximately 1.5%) is: 

Waspaloy 
HIP MERL 76 
Ren^ 95 H +■ F 
IN 100 
NASA IIB-7 

This is identical to the rank order for these alloys for the strain R = -1 tests. 

Composite regression curves for the two alloys tested with the 900-sec dwell at the max- 
imum tensile strain are compared in figures 98 and 99. Waspaloy proved superior to IN 100 
under these test conditions at all strain ranges* 

The percent reduction in N 5 LCF life at 1*0% total strain range due to the 900-sec hold 
time is given below: 

N 5 Life N 5 Life Percent 

Alloy (0,33 Hz) (900-sec Dwell) Reduction in Life 


Waspaloy 2,500 1 ,900 24 

IN 100 2,950 840 72 
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Total Strain Range (Percent) 


1.80 



0 40 l_i— LJ-LUIU ! ■ ■■■ mm I I I 111 MJ 1 — 1 

100 1,000 10,000 100,000 . 1,000,000 

Cycles to 5% Load Range Drop (N5) 


FD 1S4389 

Figure 96. Comparison of Cyclic Strain Control LCF Properties of Five 
Alloys Tested Under NAS3-21379 (R t = 0 f Life) 



10 100 1 ,000 1 0,000 1 00,000 1 ,000,000 

Cycles to Failure (NF) fd 184390 

Figure 97. Comparison of Cyclic Strain Control LCF Properties of Five 
Alloys Tested Under NAS3-21379 (R f = 0, Failure) 
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Total Strain Range (Percent) 



Figure 98. Comparison of Dwell Strain Control LCF Properties of Two Alloys 

Tested Under NAS3-21379 (R t = 0, 900-sec Dwell, N 5 Life j 



10 100 1,000 10,000 100,000 1 , 000,000 

CYCLES TO FAILURE <NF) 

FD 1B4392 

Figure 99. Comparison of Dwell Strain Control LCF Properties of Two Under 
Alloys Tested NAS3-21379 (R t = 0, 900-sec Dwell, Failure) 
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Load-Controlled Crack Growth Testing 

Test Methods 
Test Specimens 

A compact-type (CT) specimen was used in this test program to obtain crack propagation 
data for each of the alloys. Figures 100 and 101 present the specimen configuration and dimen- 
sions. A specimen thickness of 1.270 cm (0.500 in.) was utilized whenever possible. In the case of 
Waspaloy (Alloy 3), material availability forced the use of 0.635 cm (0.250-in.) thick specimens. In 
several other instances, material limitations necessitated the use of CT specimens of smaller 
overall dimensions than shown in figure 101. For those smaller specimens, the dimensional 
ratios for CT specimens in ASTM-647 were maintained. 

Test Procedure 

Test specimens were precracked using the procedures outlined in ASTM-399. Precracking 
was performed at room temperature at a cyclic frequency of 20 Hz. 

Crack propagation testing was performed on servohydraulic closed loop test machines 
operated under load control. Cyclic tests were conducted using triangular load waveforms or 
triangular waveforms with a hold time at the peak tensile load. Specimen heating was provided 
by resistance clamshell furnaces. 

Crack lengths were measured on both surfaces of the propagation specimen using a travel- 
ing microscope. This was facilitated by interrupting the cyclic loading, opening the furnace 
(allowing the specimen to cool), and applying the mean test load. This procedure held the speci- 
men rigid while increasing crack tip visibility, A high intensity light was used to provide oblique 
illumination to the crack and further increase crack visibility. In general, crack length measure- 
ments were taken at increments no larger than 0.50 mm (0.020 in.). Crack length measurements 
are considered to be accurate to within ±0.025 mm (0.001 in,). 

All tests were conducted at 650°C (1200°F) with a stress ratio (minimum stress/maxi- 
mum stress) of 0.05. Table 18 details all crack propagation tests. 

Data Analysis Procedure 

Two methods were employed to reduce crack length (a) vs cycles (N) data to a more 
usable form of stress intensity range (AK) vs crack growth rate (da/dN). The following para- 
graphs detail the two data analysis methods. 

Direct Secant Method 

Crack length (a) vs cycles (N) are not regressed. Discrete values of Aa and AN are computed 
from raw laboratory data. Discrete values of AK are calculated using the mean value of crack 
length over the interval. The expression used to calculate AK for a CT specimen is given in 
ASTM-647, By not smoothing the a - N data, the actual local Aa/AN perturbations are observ- 
able in the final SINH curve. The idea of plotting instantaneous slopes (da/dN) is not unique 4 
and reveals information of a fundamental nature; the observed perturbations may have subtle 
metallurgical implications. 


96 




TABLE 18 

CRACK PROPAGATION TEST SPECIMEN 


Alloy 

Number 

Material 

Name 

Specimen 

Number 

Cyclic 

Frequency 

Environment 

Comments 

1 

MEKL 76 

1610 

0.33 Hz 

Air 


1 

MERL 76 

1700 

0,33 Hz 

Air 


1 

MERL 76 

1701 

0.33 Hz 

Air 


1 

MERL 76 

1702 

900 sec dwell 

Air 


1 

MERL 76 

1612 

900 sec dwell 

Air 


1 

MERL 76 

1608 

900 sec dwell 

Air 


2 

Ren^ 95 

1398 

0.33 Hz 

Air 


2 

Rend 95 

1400 

0.33 Hz 

Air 


2 

Rend 95 

1403 

900 sec dwell 

Air 


2 

Rend 95 

1589 

900 sec dwell 

Air 


2 

Rend 95 

1590 

900 sec dwell 

Air 


2 

Rend 95 

1616 

900 sec dwell 

Air 

GE specimen config. 

3 

Waspaloy 

1367 

0,33 Hz 

Argon 


3 

Waspaloy 

1368 

0.33 Hz 

Argon 


4 

IN 100 

1385 

0.33 Hz 

Argon 


4 

IN 100 

1388 

0.33 Hz 

Argon 


4 

IN 100 

1389 

0.33 Hz 

Air 

Environment 
chamber calibration 

Note: All specimens tested at 650°C (1200°F), R = 

0.05 



Seven-Point Sliding Polynomial 


The seven-point sliding polynomial is a smoothing function which reduces the amount of 
scatter observed in da/dN vs AK data. This method for computing da/dN involves fitting a 
second-order polynomial (parabola) to sets of seven successive data points. 5 The equation takes 
the form for local fit as: 


A 

84 


b 0 + b 


1 



( 1 ) 


where: 


- 1 < 



< + 1 


and b 0 , b l5 and b 2 are the regression parameters which are determined by the least squares 
method (that is, minimization of the square of the deviations between observed and fitted 
values of crack length) over the range a 3 to a 7 . The value a* is the fitted value of crack length 
at N 4 . The parameters, = ¥2 (N. + N 7 ) and f 2 = ¥2 (N 7 - N 3 ), are used to scale the input data. 
The crack growth rate at N 4 is obtained directly from the derivative of equation 2 as follows: 


(da/dN)^ 


(2 


+ 2 b 2 (N 4 - Q/g 


( 2 ) 


The AK associated with this da/dN is calculated using the fitted crack length, a 4 . Again, the 
AK expression comes from ASTM-647. 
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After calculation of da/dN and AK using the first seven a vs N data points, another 
da./dN vs AK value is calculated using actual a vs N data points 2 to 8 (renumbered 1 to 7 
for use in the equations). The local fit is moved along the data one point at a time until the 
last seven points are used in the calculation. Since seven points are required for each local fit, 
the first three and last three points in the data set are lost in the calculations. 

The seven-point sliding polynomial method of data reduction was used when sufficient 
data was available, while the direct secant method was used in all other cases. On da/ d.N vs 
AK plots, data reduced by the seven-point sliding polynomial method is distinguished by a 
“7AN” preceding the specimen number. A 'TOO” prefix to the specimen number implies direct 
secant data reduction. 


A computer-drawn plot of actual crack length vs cycles is produced when the da/dN and 
AK calculations are made, allowing the actual data to be scrutinized prior to further analysis. 
The da/dN vs AK data are modeled using the hyperbolic sine equation (described below)* and 
da/dN vs AK computer plots are produced. 


Crack propagation under constant amplitude loading conditions is a function of the applied 
stress intensity range (within the limits of applicability of linear elastic fracture mechanics). The 
applied stress intensity, AK, is the driving force for crack propagation. Many relationships have 
been developed to correlate observed crack growth rate and stress intensity. Paris 0 presented the 
simple relationship: 

da/d n = C(AK}* (3) 

where C and n are material constants. At elevated temperatures, however, the crack growth 
process is a complicated function of stress ratio, temperature, load history, and environment. 
These dependencies make the general use of equations such as Equation (3), more difficult. A 
model developed at P&W A/Florida has accurately and efficiently described the effects of 
stress ratio, cyclic frequency, and temperature on the crack growth characteristics of selected 
high temperature nickel- and iron-base alloys. The model is based on the hyperbolic sine 

log(da/dn) - C, SINK (C 2 (log AK 4- Cg)) + C 4 (4) 

where the coefficients have been shown to be functions of test frequency, stress ratio, and 
temperature: 


C } = material constant 
e 2 = f 2 (R, T) 
a - f 3 (R, r, T) 

C 4 - f 4 (R, v , T) 

The hyperbolic sine equation was selected as the model, for the following reasons: 

® It exhibits the overall shape of typical da/dN vs AK plots obtained over 
several decades of crack growth rates. 

® All or part of the equation may be used to fit data since the SINK has 
both a concave and a convex half and a nearly linear portion near 
inflection. Also, the slope at inflection can vary with the String con- 
stants . (By comparison, the slope of an x s mode! is always zero at 
inflection.) 



® The SINE is not periodic (eg., trigonometric tangent) nor asymptotic 
(e.g., tangent, or inverse hyperbolic tangent); therefore, when extrapola- 
tion becomes necessary, the SINK behaves well at distances removed 
from the data, quite unlike most polynomials, periodic, or asymptotic 
functions. 

® This model requires no information other than a, N data. By compari- 
son, some other models in current use require both K ih and K iC , m 
addition to a, N data, to model crack growth behavior. Both K th and K IC 
are difficult to obtain experimentally; ¥ Hh because of the extremely small 
crack growth measurements necessary, and K IC because of gross plastic- 
ity at the crack tip encountered in fracture-toughness testing at elevated 
temperatures. 

The hyperbolic sine is defined as 

y = SINK x = — J Y ~ ~ < 5 > 

and when presented on Cartesian coordinates, it appears as shown in figure 102. The func- 
tion is zero at x = 0 and has its inflection there. 

The introduction of the four regression coefficients, C* through C 4 , permits relocation ot 
the point of inflection and scaling of both axes. In the equation 

(y ~ C 4 ) - SINK {x r C (3 ), (6) 

C 3 establishes the horizontal location of the hyperbolic sine point of inflection and C 4 locates 
its vertical position. 

To scale the axes, C x and C 2 are introduced 


(y - c 4 ) 

c x 


= SIMB (C 2 (x + C3)) 


which can be rewritten as 

y - C x SINE (C 2 (x + Cg» * C 4 


( 7 ) 


(8) 


of which equation 4 is a special case where y = log (da/ dN) and x = log (AK). Note that C 3 has 
units of log (AK) and C 4 has units of log (da/ dN); C x and C 2 are dimensionless and can be 
conceptualized as stretching the curve vertically and horizontally, respectively. Experience indi- 
cates that, for a given material, C x can be fixed without adversely affecting model flexibility/' 

Once the coefficients for the hyperbolic sine equation have been established by regres- 
sion analysis, the equation can be used to estimate crack propagation rates for any given 
level of stress intensity range at the temperature, frequency, and stress ratio under examina- 
tion. 




Limitations of linear Elastic Fracture Mechanics 

A fundamental assumption implicit in the use of the data analysis procedure detailed 
above involves the applicability of linear elastic fracture mechanics (LEFM) for each of the 
alloys tested. Consideration of nonlinear fracture mechanics was beyond the scope of this cur- 
rent contract. A brief examination of this LEFM assumption is presented in the following 
paragraphs. 

The presence of a crack in a stressed component necessitates redistribution of stresses 
around the crack. The stress intensity factor is a parameter that reflects this redistribution 
and is a function of nominal stress, flaw size, and specimen and crack geometries. The con- 
cept of stress intensity factor was originally defined for an infinitely sharp crack in a per- 
fectly elastic medium. In most engineering materials, localized plastic deformation occurs due 
to high stresses at the crack tip, and it is this deformation that gives the material resistance 
to crack propagation. 

The degree of brittleness of a material (and the limit to the applicability of linear elastic 
fracture mechanics) is directly related to the type of stress redistribution process that occurs 
at the crack tip. In the high temperature fatigue process, this redistribution of stress is 
expected to depend on the relative degree of elastic, plastic, creep, and chemical work 
expended at the crack. In a completely brittle material, relaxation of the crack tip stress field 
is negligible, and simple reinitiation of a stopped crack is sufficient to promote complete frac- 
ture. The absolute limit to the applicability of fracture mechanics is general yielding, 
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The usefulness of LEFM depends on a uniparametrical relationship between crack 
growth rate and the stress intensity factor. Crack tip inelasticity, due to material response at 
elevated temperatures, can preclude general utility of K as the correlative parameter. 

Under these considerations, tests should be designed such that the crack tip experiences 
sufficient geometric constraint and/or environmental embrittlement as to render da/dN vs ilK 
relationships independent of specimen geometry (e. g., thickness). 


Alloy Comparisons 

Two alloys, HIP MERL 76 (Alloy 1) and HIP plus forged Rene 95 (Alloy 2), were tested 
in air at 650°C (1200°F) and R = 0.05. Two frequencies were tested for each alloy: 0.83 Hz (20 
cpm) and 900-sec dwell at maximum tensile load. A minimum of two specimens of each alloy 
were tested at each condition. 


Figures 103 and 104 depict crack growth rate curves at 0.33 Hz for HIP MERL 76 and Ren4 
95 ? respectively. Figure 105 is a composite plot showing how these two alloys compare with the 
five alloys tested under NASA Contract NAS3-20367. 1 As illustrated by figure 105, R exte 95 
exhibited the fastest crack growth for a given AK level. HIP MERL 76 also showed a relatively 
fast crack growth rate at approximately the same rate as NASA IIB-7 and IN 100. A rank 
ordering of all seven alloys based on crack growth rate from lowest growth rate to highest is 
presented below: 

Waspaloy 
HIP Astroloy 
Wrought Astroloy 
IN 100 

HIP MERL 76 
NASA IIB-7 
Eexte 95 H + F 


Table 19 lists the hyperbolic sine coefficients for each alloy tested at 0.33 Hz. 
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Figure 103. Crack Growth Results for MESL 76 Tested at 0.33 Hz 
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Composite Plot of all Seven Alloys Tested at 0.33 Hz 




TABLE 19 

HYPERBOLIC BINE COEFFICIENTS FOR ALLOYS TESTED AT 0.33 Hz IN AIR 




Y= Cl x 

sinh (C2 

x (X + C3)) + 04 






'Where, Y = Log (da/dN) and X = Log (AK) 



Curve 

Cl 

C2 C3 

C4 

&K Range 

R 2 

Qffl Jp 
OJZ eMt 



1 

0,5000 

3.1090 “1,5740 

-4.5250 

(29.36, 80.69) 

0.9032 

0.1691 



2 

0.5000 

4.3160 -1.4600 

-4,4690 

(18.08, 41.66) 

0.9774 

0.0886 



3 

0.500G 

5.3510 -1,4600 

-4.2320 

(16,28, 48.49) 

0.9760 

0,0783 



4 

0.500O 

4.4360 -1.4940 

-4,5500 

(19.85, 55.40) 

0.3786 

0.0526 



5 

05000 

42360 -1.5240 

-4.1850 

(14.71, 21.25) 

0.9657 

0.0653 



6 

* 0.5000 

5.5220 -1.4480 

-4,3280 

(23.12, 63.92) 

0.9547 

0,1288 



7 

0,5000 

5.1010 -1,3720 

-4.39S0 

(12.40. 49.33) 

0.9710 

0.1243 



Curve 

Spec Ng> 

Material 

Temp 

Atm Freq 

E 

Type 

Thik 

l 

100O730 

Waspaloy 

1200F 

Air 20 cpm 

R =* 0.06 

CT 

0.447 

2 

1000806 

Wrought Astroloy 

12QQF 

Air 20 cpm 

R - 0.O5 

CT 

0.501 

3 

1000797 

NASA IIB-7 

1200F 

Air 20 cpm 

R = 0.05 

CT 

0.500 

4 

1000726 

HIP Astroloy 

120GF 

Air 20 cpm 

R = 0.05 

CT 

0,420 

5 

10007X0 

IN 100 

120OF 

Air 20 cpm 

R = 0.05 

CT 

0,82® 

6 

1001010 

MEEL76 

120OF 

Air 20 

cpm 

E = O.05 

CT 

0.5015 

7 

1001400 

E eni 95 

1200F 

Air 20 cpm 

R = 0.O5 

CT 

0,499 


One aspect of the cyclic crack growth rate testing of HIP MERL 76 requires further discus- 
sion. As indicated by figure 108, one of the four HIP MERL 76 specimens (S/N 1607) tested at 
0.33 Hz displayed a slower crack -growth rate for a given AK. A review of parameters for speci- 
men 1607 reveals that the specimen was run at a lower net section stress than the other three 
specimens. Note that specimens 1700 and 1701 were smaller CTs than specimens 1607 and 1610, 
but this should not affect crack growth rates. 

Microstructural examination of the material tested, as shown in figure 107, shows a signifi- 
cant number of visible prior powder particle boundaries. Examination of several fracture sur- 
faces indicated that a crack propagates through these at low stress levels, and around them at 
higher stress levels* as shown in figures 108 and 109. 

A comparison of the fracture surfaces of specimens 1607 and 1610 at approximately the 
same AK appears in figures 110 and 111. Apparently, a difference exists in the fracture mecha- 
nism of the prior powder particles, and/ or their boundaries. This difference may account for the 
variation in observed crack growth rates, and warrants further investigation. 
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Figure 108 . MERL 76 Tested at 0.33 Hz , Showing .Apparent Change in Crack 
Growth Rate for Specimen 1807 
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Figure 108 . SEM Prado graph of the HIP Figure 109 . 

MERL 76 Fast Fracture Region 
(High Net Section Stress) 


FD 184365 

SEM Fractograph of HIP MERL 
76 Precrack Region (Low Net 
Section Stress) 
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BOX 

FD 1S4386 

Figure 110 , SEM Fractograph of HIP MEBL 

78, Specimen 1610, Fracture Sur- 
face at AK = 32.3 MPa\fm 


BOX 

FD 184367 

Figure 11 L SEM Fractograph of HIP MERE 
76, Specimen 1607 , Fracture Sur- 
face at AK = 3L5 MPa\fm 


Figures 112 and 113 give the crack growth rate curves for the 900-sec dwell at maximum 
tensile load for HIP plus forged R end 95 and HIP MERL 76, respectively. Figure 114 presents a 
composite plot showing how these two alloys compare with the five alloys previously tested at 
the same conditions (NAS3-2G367), 1 Again, Ren£ 95 demonstrates the highest crack growth rate 
for a given AK. Note that the MERL 78 data covers only a limited da/dN range, and that 
extrapolations beyond that range may be inaccurate. As indicated by figure 114, the alloys 
generally follow the same trends as the 0.33 Hz data, hut the absolute differences in crack 
growth rates are much larger, as high as two orders of magnitude for Ren4 95 vs Waspaloy. The 
following listing is a rank ordering of all seven alloys with respect to crack growth rate from 
lowest to highest growth rate: 

Waspaloy 
HIP Astroloy 
Wrought Astroloy 
IN 100 

HIP MERL 76 
NASA IIB-7 
Een^ 95 H*F 

Table 20 lists the hyperbolic sine coefficients for each alloy tested with 900-sec dwell at maxi- 
mum tensile load. 


109 


da/dN, in./Cyde 


AKjVIPay^m 



1 2 5 10 2 5 100 2 5 1000 


AK,k$? yH 

F9 184368 

Figure 112. Crack Growth Results for Rend 95, Tested at 900 sec Dwell 
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Figure 113. Crack Growth Results for MERL 76, Tested at 900 sec Dwell 
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Figure 114 . Composite Plot of All Seven Alloys 900-sec Dwell 

112 


da/dN, rnm/Cycle 




TABLE 20 

HYPERBOLIC SINE COEFFICIENTS FOR ALLOYS TESTED AT 
900-sec DWELL IN AN AIR ATMOSPHERE 




Y = 

Cl x einh (C2 x (X 

+ C3)) + C4 





Where, Y = Log (da/dN) and X = Log (AK) 



Curve 

Cl 

C2 

C3 

C4 

AK Range 


SEE 

1 

as ooo 

6.1490 

4,6290 

-3.5580 

(30.93, 89.51) 0.9443 


0.1566 

2 

0.5000 

5.1950 

4,5440 

-3,4320 

(23,84, 71 

39) 0.7815 


0.3505 

3 

0.6000 

6.1600 

4.4150 

-2.0000 

(15.49, 44 

80) 0.9390 


0.2009 

4 

0.5000 

4.8890 

4.6440 

-3.5080 

(32.60, 94.11) 0.9363 


04471 

5 

0.5000 

5.0470 

4,5440 

-2,7880 

(38.30, 94.84) 0.7635 


0.2905 

6 

0.5000 

8,5000 

-1,3840 

-1.8500 

(19.62, 36.01) 0.8216 


04678 

7 

0.5000 

12.2388 

-1,5000 

-aoooo 

(20.62, 25 

.59) 0.7520 


0.6024 

Curve 

Spec No. 

Materia l 

Temp 

Atm 

Freq 

R 

Type 

Thik 

1 

1000731 

Waspaloy 

I200F 

Air 

900 SD 

E = 0.05 

CT 

0.417 

2 

1000814 

Wrought Astroloy 

1200F 

Air 

900 SD 

R = 0.05 

CT 

0.381 

3 

1000800 

NASA 1IB-7 

1200F 

Air 

900 SD 

R = 0.05 

CT 

0,500 

4 

10O0728 

HIP Astroloy 

1200F 

Air 

900 SD 

R = 0.05 

CT 

0.501 

5 

1OO07 5 

IN 100 

1200F 

Air 

900 SD 

R = O.05 

CT 

0.500 

6 

1001403 

Emi 95 

1200F 

Air 

900 SD 

R = 0.05 

CT 

0.500 

7 

1001702 

HIP MEEL 76 

1200F 

Air 

900 SD 

R = 0.05 

CT 

0.503 



Test Method Comparison 

A comparison of Contractor testing and data analysis procedures was conducted for HIP 
pins forged, Rend 95 (Alloy 2), Crack propagation tests were conducted at 650°C > R = 0.05, and a 
frequency of 0.33 Hz. Similar tests were run with a 900-sec dwell at maximum tensile load. The 
results of these tests were compared to test data derived by General Electric. 2 Testing conducted 
at P&W A/Florida duplicated the test conditions of temperature, stress ratio, and frequency to 
produce comparable data. However, each contractor used a different specimen geometry. P&W A 
used the ASTM CT specimen for all tests, while GE used a K b bar surface flaw specimen. 2 

The results of the data comparison for 0.33 Hz testing appear in figure 115. This figure 
shows the crack growth rates obtained with the K fo bar specimen to be approximately a factor of 
2 slower than those obtained with the compact specimens. 

The results of the data comparison for 900-sec dwell testing appear in figure 116. These data 
indicate that a considerable difference exists in the crack propagation rates, with the difference 
increasing as stress intensity increases. Also included in figure 116 is data from a K fo bar speci- 
men that was tested at P&W A in an attempt to resolve the large differences in observed crack 
growth rates. Unfortunately, no conclusion could be drawn from this limited data. Lack of mate- 
rial precluded further testing of specimens in the K b bar configuration. 

Another possible source of discrepancy in Contractor data lies in the stress intensify solu- 
tions utilized in data reduction. The CT specimen is a standard specimen with well-established K 
solutions, while the R b bar specimen is a nonstandard surface-flaw specimen. The K solution 
utilized by GE is given in Reference 2. To establish the validity of that K solution, Sha 8 per- 
formed a comparative survey of existing K solutions for surface flaws as applied to the K fc bar 
specimen geometry. The findings of the survey indicate that the GE K solution corresponds well 
with other solutions in regions of low net section stress and where bending stresses arising from 
the presence of a relatively shallow crack are negligible. Considerable deviations occur when the 
surface crack area becomes large enough, as compared to the gross cross-sectional area of the 
specimen, to cause high net section stresses (approximately 0.8 a yB ), and when induced bending 
stresses due to a deep flaw become significant as compared to tensile stresses. At an a/t (crack 
depth/ thickness) ratio of 0.8, induced bending stresses become approximately 30% as high as 
tensile stresses due to the applied loads. However, this calculated difference in stress due to 
bending is not of sufficient magnitude to account for the large difference in crack growth rates 
between the two specimen types in the 900-see dwell test. 

Further testing and analyses are needed in order to reconcile and/or refute the differences 
in crack growth rates observed in the data presented here. 

Controlled Environment Testing 

Testing to determine the effect of oxidation on crack growth rate was conducted using 
Waspaloy (Alloy 3) and IN 100 (Alloy 4). These alloys were selected because they represent 
extremes in strength, processing technique, and microstructure of turbine disk alloys currently in 
use. Tests were conducted at 650°C, R = 0.05, and 0.33 Hz for both alloys. Similar tests were 
conducted utilizing a 900-sec dwell at maximum tensile load. All tests were run in an argon 
atmosphere in order to minimize oxidation effects on crack growth rates. Data from these tests 
are compared to tests run at the same conditions in an air atmosphere in order to determine the 
effects of oxidation on crack growth rates. 
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Figure 115. Comparison of P&WA and GE Data — Rend 95, 0.33 Hz 
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Figure 118 . Comparison of F&WA and GE Data — J2en4 % 900-sec Dwell 
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Testing in an argon atmosphere required several specialized test procedures. The inert 
atmosphere was maintained within the environmental chamber depicted in figure 117, To min- 
imize the .amount of oxygen remaining, the chamber was evacuated and backfilled with argon a 
minimum of three times before beginning each test. During testing,, argon pressure was main- 
tained at slightly greater than one atmosphere. Specimen heating was provided by external 
radiant heaters. Crack length readings were obtained by direct optical measurements taken 
through the glass windows of the chamber. 

In the case of IN 100 specimen S/N 1385, heating was provided by a resistance susceptor 
furnace. In that configuration, crack length was continuously monitored on one side only, since 
obtaining crack length readings on the second side require complete teardown of the chamber. 
Complete crack length readings were obtained on both sides of the specimens four times during 
the course of the test This awkward test procedure was made necessary by multiple failures of 
the glass windows in the environment chamber. 

Calibration of the environment chamber was accomplished by running an IN 100 test in air 
in the chamber at 650°C and comparing the results with data from previous experience. Figure 
118 details a comparison of the environmental chamber air test results with tests performed 
under Contract NA83-20367, 1 Differences in crack growth rates fall within the expected heat4o- 
heat variations. 


The most recent analysis of inhouse argon at P&W A/Florida gave the following specifi- 
cations for the argon utilized in this test phase: 

Water — 3 ppm 

Oxygen — - 5 ppm 

Nitrogen — 20 ppm 

Hydrogen — 3 ppm 

Water and oxygen levels were checked at the argon line in the Fracture Mechanics Labora- 
tory and showed slight degradation to: 

Water — 16 ppm 

Oxygen— 5 ppm 

It was not feasible to obtain an accurate analysis of gases actually in the environment 
chamber. 

Figures 119 and 120 present comparisons of argon and air data tested at 0.33 Hz for 
Waspaloy and IN 100, respectively. As indicated in figure 119, there is little difference in 
crack growth rates for Waspaloy above AK value of about 44 MPaym. Below this value, the 
crack growth rates for the argon environment tests are slightly lower than the air tests. Fig- 
ure 120 shows a small difference in crack growth rates between IN 100 tested in air and in 
argon. The data gathered in argon is a factor of 2 to 2,5 times slower than air data up to a 
AK value of about 33 MPaym", The data converge at higher values of AK. 

Figures 121 and 122 show curve fits and hyperbolic sine coefficients for 0.33 Hz, argon 
environment tests for Waspaloy and IN 100, respectively. 
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One possible explanation of the difference in crack growth rates observed in argon at 
0.33 Hz is presented by Gell and Leverant. 9 Formation of oxides at the crack tip results in a 
region depleted of oxide-forming elements. This region will be somewhat weakened and 
embrittled by the loss of these elements and, thus, subject to relatively easy cracking. If the 
increment of crack growth per cycle in the absence of oxygen is less than the size of the depleted 
zone, the crack growth per cycle in the presence of oxygen will be controlled by the size of the 
depleted zone, resulting in an increased crack growth rate. In terms of intergranular fracture, 
this process can occur due to preferential grain boundary oxidation. 

Cyclic-dwell crack growth tests incorporating a 900-sec hold at maximum load were con- 
ducted in an inert environment for both IN 100 and Waspaloy. Results however, were judged to 
be anomalous and consequently the data are not presented. Causes of the anomalous results are 
not known, but equipment malfunctions combined with the extreme 'test conditions of long hold 
periods, high temperature and discontinuous crack growth are suspected contributors. Further 
investigations are being conducted to resolve these difficulties. 



FE 150353 

Figure 117 . Argon Environment Chamber 
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Figure 118 . Environmental Chamber Calibration Test Comparison 
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Figure 120. Comparison of IN 100 Tested in Argon and in Air, 0.33 Hz 
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Figure 122 L Ifv 100 Tested in Argon , 0.55 Hz 
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The cyclic behavior evaluations of turbine disk alloys performed under this and previous 
contracts 1,2 showed relationships between alloy tensile strengths and fatigue crack initiation and 
fatigue crack growth behavior. Generally, the higher strength, finer grained alloys exhibited 
superior crack initiation behavior at strain ranges of interest for turbine disk applications, but 
showed somewhat faster crack propagation rates than the lower strength, generally coarser 
grained alloys. Also, the higher strength alloys exhibited a significantly higher degree of degra- 
dation due to hold times. Failed strain control test specimens were subjected to fractographic and 
metaUographic examination to determine failure modes for the fatigue crack initiation and early 
crack propagation stages. The investigation included the relationship of failure mode and rela- 
tive life to types of cycles (0.33 Hz or 900-sec dwell), grain size, and local microstructure, 

Fractographic and metallographic studies were performed on strain control low-cycle 
fatigue samples test in air at 660°C (1200°F) from the nickel-base turbine disk alloys Waspaloy, 
wrought Astroloy, MA3A IIB-7, HIP-formed Astroloy, GATOMZED® IN 100, HIP plus forged 
Rene 95, and HIP MERL 76, Representative high and low strain range cyclic and cyclic/ dwell 
samples from. each of the alloys were characterized to determine the mechanisms of crack initia- 
tion and propagation. Table 21 presents a detailed listing of the samples. These studies were 
performed with a high-resolution transmission electron microscope (TEM) using two-step carbon 
replicas of the fracture and by direct viewing of the fracture with a scanning electron microscope 
(SEM). 

A metallographic section taken through the origin of each sample enabled observation of 
the microstructure and crack progression. These results were then correlated with those obtained 
in the fractographic studies. 

Fractographic and Metallographic Results 


The high and low strain range cyclic Waspaloy samples (S/N A-2 and A-7) exhibited multi- 
ple origins, whereas cyclic/dwell samples (S/N A41 and A44) showed single origins, as shown 
in figure 123. The fracture faces of both cyclic samples showed cleavage at the origin and fatigue 
striations throughout the remainder of the propagation area, as shown in figure 124, indicating 
that both initiation and propagation were transgranular. Both eye lie/ dwell samples showed 
heavy oxidation. The low strain range sample (S/N A44) showed initiation and propagation to 
be predominantly intergranular, as shown in figure 125. A few isolated facets indicated some 
evidence of striatums. The high strain range sample (S/N A41) revealed crack initiation to be 
transgranular as evidenced by cleavage at the very origin and propagation to be predominantly 
intergranular, as seen in figure 126. As in A44. a few isolated facets of striations were observed, 
Metallographic sections taken through each of the origins demonstrated similar results, as seen, 
in figure 127, 

Grain structure varied from sample to sample. The cyclic samples (A-2 and A-7) exhibited a 
coarser grain size (ASTM 3 to 5 with occasional 2) than the cyclic/dwell samples. The high 
strain range cyclic/ dwell sample, A41, showed a duplexed grain size that was predominantly 
ASTM 3 to 6 with occasional 1 and 2, with grains ASTM 7 and finer neeklaced around the coarse 
grains. The low strain range cyclic/ dwell sample (A- 14) had a finer grain size (ASTM 4 to 5 with 
some 7 and finer) than either the cyclic or high strain range cyclic/ dwell sample. 



Wrought Astroioy 

The high strain range cyclic wrought Aetroloy sample (S/N 1A) showed multiple small 
origins almost completely around the circumference of the sample, whereas all of the other sam- 
ples had a major origin with one or minor origins, as shown in figure 128. The major origin of 
the low strain range cyclic sample (S/N 4A) exhibited cleavage at the origin and fatigue stria- 
tums throughout the remainder of the propagation area, as shown in figure 129. The high strain 
range cyclic sample shown in figure 129 was smeared at the origin, but showed striations 
through the propagation area. It appeared that both samples initiated and progressed trans- 
graftularly. The high and low strain range cyclic/dwell wrought Astroioy samples showed, 
extremely heavy oxidation, as seen in figure 130. However, both samples (S/N 8A and 10A) 
appeared to Initiate and propagate intergranulariy. Metallographic sections taken through each 
of the origins showed similar results, as seen in figure 131. There were isolated areas of trams- 
granular propagation in the cyclic/dwell samples, possibly through coarser grained areas. The 
grain structure in all of the samples were duplexed with an ASTM grain size of 4 to 6 neckiaced 
by fine recrystallked grains having an ASTM grain size of 7 to 8. 


TABLE 21 

CONTROLLED STRAIN LOW-CYCLE FATIGUE SAMPLES 
CHARACTERIZED BY FRACTOGRAPHY 
Tested in Air at 650°C, 0.33 Hz Ramp Frequency 
Mean Strain = 0 


Material 

Spec 

S/N 

Typef® 

Test 

At / 11 

Nj» 

Waspaloy 

A-2 

Cyclic 

1.43 

810 

Waspaloy 

A-7 

Cyclic 

0.81 

10,622 

Waspaloy 

A-ll 

Cyclic 'Dwell 

1.13 

1,061 

Waspaloy 

A-14 

Cyclic/Dwell 

0.81 

3,608 

Wrought Astroioy 

1A 

Cyclic 

1.50 

400 

Wrought Astroioy 

4A 

Cyclic 

0.85 

3,350 

Wrought Astroioy 

8A 

Cyclic/Dwell 

1.24 

516 

Wrought Astroioy 

10A 

Cyclic/Dwell 

0.84 

8,087 

NASA XIB-7 

IB 

Cyclic 

1.50 

420 

NASA HR? 

4B 

Cyclic 

1.00 

18,744 

NASA IXB-7 

9B 

Cyclic/Dwell 

1.28 

254 

NASA IIB-7 

10B 

Cyclic/Dwell 

1.01 

3,935 

HIP-AsiroIoy 

DB-1 

Cyclic 

1.42 

961 

HIP-Astroloy 

DB-5 

Cyclic 

0.81 

8,901 

HIP-Astroloy 

DB-10 

Cyclic/Dwell 

1.23 

33t> 

HIP-Astroloy 

OB-13 

Cyclic/Dwell 

0.78 

7,780 

GATORIZEB© IN 100 

7 

Cyclic 

1.48 

561 

GATORIZEB IN 100 

3 

Cyclic 

0.94 

15,774 

GATORIZED IN 100 

9 

Cyclic/Dwell 

1.24 

285 

GATORIZEB IN 100 

11 

Cyclic/Dweil 

LOO 

2,515 

HIP Plus Forged Rene 95 

1 

Cyclic 

1.50 

595 

HIP Plus Forged Rene 95 

3 

Cyclic 

LOO 

31,729 

HIP Plus Forged Rend 95 

4 

Cyclic/Dweil 

1.31 

285 

HIP Plus Forged Ren6 95 

13 

Cyclic/Dwell 

0.99 

5144 

HIP MERE 78 

D2 

Cyclic 

1.84 

290 

HIP MERE 78 

D9 

Cyclic 

0.91 

124,323 

HIP MERE 76 

F7 

Cyclic/Dwell 

1.06 

2,065 

HIP MERE 76 

F8 

Cyclic/Dwell 

1,52 

264 

O^Total strain range. 





^Cycles to failure. 





^Cyclic/dwell tests incorporated a 

900-sec (15 min) hold time at the max- 

imum tensile strain. 
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FAL 4S583 


A 


FAL 49584 


B 



A - S/N A-2, Cyclic, 1.43 As*, 810 Cycles 
B - S/N A-7. Cyclic, 0.81 A«j, 10,622 Cycles 


C - S/N A-1 1 , Cyclic/Dwell, 1.13 A« t> 1,061 Cycles 
D - S/N A- 14, Cyclic/Dweil, 0.81 A 3,608 Cycles 


PD 166331 


Figure 123. 


Waspaloy Strain Control LCF Fracture Faces, Mag 10X 
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Mag: 10X 


A - S/N 1A, Cyclic, 1.5 400 Cycles C - S/N 8A, Cyclic/Dwell, 1.24 A«|, 516 Cycles 

B - S/N 4A, Cyclic, 0.85 Ae$, 9350 Cycles D - S/N 10A, Cycllc/Dweii, 0.84 A«», 8087 Cycles 

FD 1.66338 

Figure 128, Wrought Astroloy Strain Control LCF Fracture Faces 
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B, D, - 1000X 

Figure 129 . SEM Fractographs of Wrought Asiroloy Samples 1A (Top) and 
4 A (Bottom) Showing Smear (A) and Cleavage (C) at Origin and 
Fatigue Striaiiom (B and D) Away from Origin 
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, - 250X G D 

500X 

FD 156337 


Figure ISO . SEM Fractographs Showing Heavily Oxidized Fracture Surfaces 

of Wrought Asiroloy Samples 8A (Top) and 10A (Bottom) with 
Isolated Patches of Remnant Slriations (B and B) 
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HIP-Forme-d Astroioy 

The high strain range cyclic HIP-formed Astroloy (S/N DB4) showed multiple origins 
around the circumference of the sample, whereas the low strain range cyclic sample had only a 
single origin, as shown in figure 132. The cyclic/dwell samples exhibited a major origin with one 
or more minor origins. Figure 133 details the major origin of the low strain range cyclic sample 
(S/N DB-5) showing cleavage at the origin and fatigue striations throughout the remainder of 
the propagation area. The high strain range cyclic sample (S/N DB4) was smeared at the origin, 
but showed striations through the propagation area. It appeared that both samples initiated and 
progressed transgranularly. The cyclic/dwell samples (S/N DB4G and DB43) exhibited ex- 
tremely heavy oxidation and smear at the very origin. Figure 134 shows typical fractographs of 
the fracture faces. Microseetiong through the origins gave the appearance of intergranular prop- 
agation, as shown in figure 136. All of the samples had a recrystallized grain structure with an 
ASTM grain size of 5 to 7 with occasional 4* 

NASA IIB-7 


The high strain range cyclic NASA IIB-7 sample (S/N IB) and the low strain range eye- 
iic/dwell sample (S/N 10B) exhibited two origins, whereas the low strain range cyclic sample 



shown in figure 141. A machining mark was observed going through two of the multiple origins 


cyclic sample (S/N 3), as seen in figure 142. Both the high and low strain range cyclic samples 
(figures 143 and 144, respectively) originated and propagated transgranularly, whereas the high 
and low strain range cyclic/dwell samples originated and propagated intergranularly (figures 
145 and 148. respectively). All of the samples had a grain structure consisting of 80% unrecrystal- 
lized grains with the ASTM size of 5 to 6 with occasional 4 necklaced by recrvstallized grains 






^ FAl. 49593 

A - S/N DB-1, Cyclic, 1.42 961 Cycles 

B - S/N OB-5, Cyclic, 0.81 Ae t , 8901 Cycles 


D FAL 49594 

C - S/N DB-10, Cyclic/Dwell, 1.23 Ae^, 335 Cycles 
D - S/N CB-13, Cyclic/Dwell, 0.76 Atj, 7780 Cycles 

FD 156338 


Figure 132. HIP Astroloy Strain Control LCF Fracture Faces, Mag 10X 

136 




Mag: A, C,- 250X 
B, D,- 1000X 


D 


C 


Figure 133. 


SEM Fractographs of HIP Astroloy Samples DB-1 (Top) and 
DBS (Bottom) Showing Smear (A) and Cleavage (C) at Origin 
and Fatigue Striations (B and D) Away from Origin 
















Sample DB-1 Showing Transgranular initiation and Propagation 
. Sample DB-5 Showing Transgranular Initiation and Propagation 
. Sample DB-10 Showing Smear at Origin and Intergranular Propagation 
. Sample CB-13 Showing Smear at Origin and Intergranular Propagation 



Figure 135. Micrographs Through Origin of HIP Astroloy Samples 




C FAL 49577 □ FAL 4957S 

Mag: 10X 

A - S/N 18, Cycfic, 1.5 Ae t , 420 Cycles C - S/N 9B, Cyclic/Dweli, 1.26 At*, 254 Cycles 

B - S/N 4B, Cyclic, 1.0 A« t , 18,744 Cycles D - S/N 10B, Cyclic/Dwell, 1.01 Ac t , 3,935 Cycles 

FD 158341 

Figure 136. NASA IIB-7 Strain Control LCF Fracture Faces 
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Fractographs Showing Smear and Crack at Origin of Cyclic Sample 
/N 4B (A) and Crack Through Origin of Cyclic/Dweii Sample 9B (B) 

M Fractographs Showing Evidence of Intergranular Propagation in 
syclic/Dweii Samples S/N 98 (C) and S/N 108 (D) 


7. Fractographs of NASA TIB-7 Strain Control LCF Fracture Faces 
























Sample 7 Showing Where Non-metallic Inclusion Was Located at Very Origin 

Sample 7 Showing Typical Fine Grain Size in Gatorized IN 100 Samples 

Sample 9 Showing Typical Intergranular Propagation IN Gatorized IN 100 Samples 



Figure 140. Microstructure Through. Origin of GATORIZED 5 IN 100 








Mag: 650QX 



Mag: 1Q0X 

C FD 164808 

Figure 243 . SSM Fractograph (a) TEM Fractograph (b), and Micrograph ( c ) 

Through Origin of Bern* 95 Sample S/N 1 Showing Typical Frac- 
ture Features and Microstructure 
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/N F8) m 
the perip! 

147. The low strain range cyclic and cyclic/dwell samples (S/N F7 an 
gins. The low strain range cyclic specimen fracture originated at an internal void and propa- 
gated transgranularly, as seen in figure 148. The high strain range cyclic specimen fracture 
originated in voids at the surface or just slightly subsurface, as seen in figure 149, and then 
propagate transgrannlarlv, as seen in figure 150. The fracture faces of both cyclic/dwell speci- 
mens were heavily oxidized. The low strain range specimen fracture appeared to originate and 
propagate intergranularly from the surface, as seen in figure 151. The high strain range cyclic 
specimen (S/N F8) fracture showed evidence of origins both at the very surface and at voids just 
below the surface. The surface origins appear to be intergranular, and propagation was inter- 
granular, as shown in figure 152, All of the samples had an ASTM grain size of 8,5 through 10.5. 


The fractography and metallography can be summarized as follows.: 

® Crack initiation in the Wasp&loy, wrought Astroloy, HIP-formed Astroloy, 
and HIP plus forged Ren4 95 cyclic samples was transgranular and did not 
appear to be affected by grain size or structure, based on the limited 
number of samples reviewed. Crack initiation in the finer-grained HIP 
MERL 78 and GATORIZED IN 100 started at voids and inclusions, respec- 
tively. NASA IIB-7 samples were too smeared at the origin to discern any 
mode of crack initiation. 



Crack propagation in all of the cyclic/dwell specimens was intergranular. 
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Mag: 100X 




Mag: 200X 


Figure 148 . SJEM Fractograph (a), TEM Fractagraph (b) f and. Micrographs (c 

and d) Through Origin of HIP MERL 78 Specimen S/N D9 
Showing Typical Fracture Features and Microstructure 
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TABLE 22 

SUMMARY OF FRACTOGSAPHIC AND METALLQGRAPHIC STUDIES 



Spec 

Type* 




Material 

S/N 

Test 

Initiation 

Propagation 

ASTM Grain Size 

Waspaloy 

A-2 

C-ll 

Transgranular 

Transgranular 3-5, Occasional 2 

Waspaloy 

A-7 

C-L 

Transgranular 

Transgranular 3-5, Occasional 2 

¥/aspaloy 

A-ii 

C/D-H 

Transgranular 

Intergranular 

Duplexed-3-6, Occasional 2, 1, Neck- 






laced with 7 and finer 

Waspaloy 

A-I4 

C/D-L 

Intergranular 

Intergranular 

Duplexed-4-5, and 7 and finer 

Wrought Astroloy 

1A 

C-H 

Transgranular 

Transgranular Duplexed-4-6 Necklaced With 7-8 

Wrought Astroloy 

4A 

C-L 

Transgranular 

Transgranular Duplexed-4-6 Necklaced With 7-8 

Wrought Astroloy 

8A 

C/D-H 

Intergranular 

Intergranular 

Duplexed-4-6 Necklaced ’With 7-8 

Wrought Astroloy 

10A 

C/D-L 

Intergranular 

Intergranular 

Duplexed-4-6 Necklaced With 7-8 

HIP- Astroloy 

DB-1 

C-H 

Transgranular 

Transgranular 5-7, Occasional 4 

HIP Astroloy 

DB-5 

C-L 

Transgranular 

Transgranular 5-7 Occasional 4 

HIP-AstroIoy 

DB-10 

C/D-H 

Smeared 

Intergranular 

5-7, Occasional 4 

HIP- Astroloy 

CB-13 

C/D-L 

Smeared 

Intergranular 

5-7, Occasional 4 

NASA IIB-7 

IB 

C-H 

Smeared 

Smeared 

12.5-13.5 

NASA IIB-7 

4B 

C-L 

Smeared 

Smeared 

12.5-13.5 

NASA IIB-7 

9B 

C/D-H 

Heavily Oxidized 

Intergranular 

12.5-13.5 

NASA IIB-7 

10B 

C/D-L 

Heavily Oxidized 

Intergranular 

12.5-13.5 

GATORIZED IN 100 

7 

C-H 

Inclusion 

Intergranular 

12.5-14.5, Occasional 11.5 

GATORIZED IN 100 

3 

C-L 

Inclusion 

Intergranular 

12.5-14.5, Occasional 11.5 

GATORIZED IN 100 

9 

C/D-H 

Smeared 

Intergranular 

12.5-14.5, Occasional 11.5 

GATORIZED IN 100 

11 

C/D-L 

Smeared 

Intergranular 

12-5.-14.5, Occasional 11.5 

HIP Plus Forged 

1 

C-H 

Transgranular 

Transgranular 

60% Unrecrystallized grains — 5-6, 

Rend 95 





occasional 4. 40% Necklaced — 
Finer than 8 

HIP Plus Forged 

3 

C-L 

Transgranular 

Transgranular 60% Unrecrystallized grains — 5-8, 

Rend 95 





Occasional 4. 40% Necklaced — 
Finer than 8 

HIP Plus Forged 

4 

C/D-H 

Intergranular 

Intergranular 

60% Unrecrystallized grains — 5-6, 

Rend 95 





Occasional 4. 40% Necklaced — 
Finer than 8 

HIP Plus Forged 

13 

C/D-L 

Intergranular 

Intergranular 

60% Unrecrystallized grains — 5-6, 

Rend 95 





Occasional 4. 40% Necklaced — 
Finer than 8 

KIP MERL 76 

D2 

C-H 

Voids 

Transgranular 8.5-10.5 

HIP MERL 76 

D9 

C-L 

Voids 

Transgranular 8.5-10.5, Occasional 7.5 

HIP MERL 76 

F7 

C/D-L 

Intergranular 

Intergranular 

8.5-10.5 

HIP MERL 76 

F8 

C/D-H 

a. Intergranular 

b. Subsurface 

Intergranular 

8.5-10.5, Occasional 7.5 




Voids 



*C = Cyclic, C/D = Cyclic Dwell 





H = High Strain Range 





L = Low Strain Range 
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The tendency of the high-strength, fine-grained alloys to initiate fatigue cracks either 
intergranularly or at microstructural defects, such as voids or inclusions which are large rela- 
tive to grain size, and the subsequent intergranular crack growth, even under relatively rapid 
(0,33 Hz) cycling, indicates higher susceptibility to grain boundary failure mechanisms (such 
as oxidation) compared to the coarse-grain alloys. The hold-time tests, where effects such as 
grain boundary oxidation would be expected to increase, resulted in intergranular propagation 
in all of the alloys and a change in initiation mode from transgranular to intergranular for 
all of the samples where failure mode at the origin could be distinguished. Only in the Wasp- 
aloy samples with a relatively coarse structure at the origin was the failure mode transgranu- 
lar under cyclic/dwell conditions, further substantiating a strong relationship between grain 
size and failure mode. The apparent higher susceptibility of the fine grained alloys to inter- 
granular failure modes and probably to grain boundary oxidation is assumed to be the reason 
for the substantially higher degradation shown by' these alloys under cyclic/dwell conditions 
in both fatigue crack initiation and crack growth comparisons at 650°C. 
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In addition to total strain range and mean stress, cyclic hold (dwell) times and cyclic 
creep strain magnitudes represent important variables which affect fatigue life. Actual engine 
components may experience dwell conditions which are not represented by the 900-sec strain- 
hold or stress-relaxation type of dwell cycle utilized previously in this- program. For example, 
while a turbine disk bolthole may experience sufficient elastic constraint to locally relax 
under sustained externally applied loading, the highly stressed region of a disk-blade attach- 
ment may he kinematically free to creep. The stress-strain hysteresis loops which represent 
these types of cycles are significantly different. Improved LCF life. prediction systems must be 
capable of' accurately modeling the material behavior under both types of dwell cycles, includ- 
ing determination of the effect of hold times. 


To determine the differences in LCF life due to different hold times and types of cyclic/ 
dwell tests, axial strain control LCF tests of IN 100 were performed at 650°C (1200°F). Sev- 
eral tests with 30-see and. 120-see dwell times at maximum tensile strain were conducted, all 
with a felly reversed strain cycle (R - -1). In addition, . several cyclic/dwell waveforms were 
evaluated to compare stress-hold with strain-hold types. All of the cycle types employed dwell 
only during peak tensile conditions of the stress-strain cycle. Table 23 describes the cycle 
types which were evaluated. 


Test specimens and general test methods were the same utilized for other cyclic and 
cyclic / dwell tests contained in this- report, except that for some of the desired waveforms the 
controlled parameter during the dwell was stress or load rather than strain, and the variable 
which determined switching into and out of the dwell period was not limited to time. Differ- 
ences in test cycles are described in the following paragraphs. 

Variable Hold-Time Tasting 

Strain hold times of 30 and 120 see were used to determine the effect of dwell on LCF 
• life in addition to the 900-sec dwell tests run previously. These tests utilized a fully reversed 
strain-time waveform with dwell at maximum tensile strain. All other test conditions and 
methods duplicated the 090-see dwell tests. 

Table 24 presents the results from this testing. Stress range and mean stress vs life curves 
appear in figures 153 through 156, Strain range vs life curves comparing the effect of strain dwell 
on LCF life are shown in figures 157 and 158, Also shown in these last two figures are the results 
from earlier Contractor testing, including cyclic (bo dwell) and 900~see cyclic/dwell data. 

Increasing hold time per cycle could be expected to influence LCF life by increasing the 
time-dependent inelastic, or creep, strain component and also by increasing the exposure time of 
the material to the elevated temperature environment. Comparison of creep strain magnitudes 
for 30, 120, and 900-sec hold periods for the IN 1Q0 alloy indicates that for all strain ranges of 
interest (1.2% Aer- or below), the cyclic creep strain components are very small (0.0001 m/m or 
less) and are the same within experimental measurement capability for all hold-time cycles. Con- 
sequently, under the conditions evaluated, changes in the creep strain component could not be 
directly related to reductions in life with increasing hold time per cycle. Figure 159 shows time 
per cycle vs LCF life results for the 0,33 Hz cyclic and all three cyclic/ dwell conditions. The 
linear (log-log) relationship between cycle time and life for various strain ranges indicates that 
the systematically reduced LCF life is, in some way, due to increased exposure time of the alloy 
to the elevated temperature (850°C) environment. 
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TABLE 23 

STRAIN-HOLD AND STRESS-HOLD CYCLE TYPES 


Cycle 

Type 

Begin 
Dwell at 

Dwell Control 

Dwell 

Control 

Reversed 

at 

Initial 

Remarks 

la 

Peak Strain 

Peak Strain 

900 sec 1 

i 

Stress relaxation dwell. 

b 

Peak Strain 

Peak Strain 

900 sec 

0 

Stress relaxation dwell; mean stress decreases 
during test. 

2 

Peak Stress 

Peak Stress 

Fixed max 
strain 


Creep dwell; requires high Ae c to obtain dif- 
ferent stress ranges. and hold time per 

cycle decrease during test. 

3 

Peak Stress 

Peak Stress 

900 sec 

~i 

Creep dwell; moderate progressive increase in 
mean strain during test due to unreversed 
creep. 

4 

Peak Stress 

Peak Stress 

900 see 

0 2 

Creep dwell; significant progressive increase in 
mean strain during test due to unreversed 
creep. 

5 

Peak Stress 

Peak Strain 

900 see 

0 

Modified stress relaxation dwell; mean stress 
constant during test, but significant unre- 
versed creep contributions to failure. 

! Tests of this type with hold times of 30 and 120 sec also conducted. 
2 Specimen S/N 48 ran with this cycle type, except R = 0.5. 
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**Test discontinued, no indication of failure 
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Figure 163. 
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Cyste Eradiations 


Significant differences occm m the fecal siress-stmm-time material response for different 
fracture critical locations of aircraft engine turbine disks. Boltholes in disk web areas, for exam- 
ple, m&y be sufficiently constrained by surrounding essentially elastic snaterial m that their 
L CF-creep behavior may be approximated by a stress relaxation, or strain -dwell, cycle. Blade 
attachment areas at the disk ri.m ; however, may experience some net section creep and, eonss- 
qi!cntly, may be better represented by a creep dwell* or constant siress-hold* cycle, 

initial waveforxns for this phase of testing were selected in an attempt to evaluate differ- 
enees. between a stress-hold cycle (creep dwell) and a strain-hold cycle {stress miaxation). Addi- 
tional waveforms separated the contributions of mean stress and progressively increasing mean 
strains (due to cyclically tmreversed creep) on the LCF life. 

Table 23 describes the different dwell cycle types. Typical cycle schematics amd requiring 
stress-strain-time responses appear in figures 15, 15, 16, and 160 through 163, 

In order to investigate differences between a basic creep, or stress dwell cycle and the relax- 
ation, or strain dwell cycle previously described, three tests were conducted using the waveform 
described in figure 1.60 and defined in table 23 as cycle type 2, Several, tests were planned for the 
same peak stress condition with different strain range# obtained by controlling the maximum 
strain liisnit* Use of this waveform produced several difficulties. In order to obtain sufficient creep 
to ensure significantly different strain ranges, the peak stress condition and the resulting total 
strain range were very high, cansing- low LCF lives. Also, dwell time per cycle continually 
decreased during the course of the test as the mean stress became increasingly compressive. 
Because of those difficulties, alternative stressrilweSI waveforms were seieci&d, Test results for 
this cycle are presented in table 25 and figure 164. 

To eh mm ate differences in hold period -duration, subset aeni stress d wolf cycles were 
selected to ensure a 900-sec dwell for best comparison with stmin-dwefi results. For dwell, periods 
of the same duration* LCF life differences between a peak stress, or creep dwell, cycle and a peak 
strain, or relaxation dwdfe cycle can be attributed to three factors: (1) differences in mean stress 
due to ms an stress relaxation m the stro.ii; dwell cycle, (2) differences in mean strain due to 
cyclically un reversed creep m the stress dwell cycle, and (3) a slightly larger creep strain in the 
creep dwell cycle since all of the hold period is spent at peak stress. 

The first creep dwell cycle was selected to produce a mean stress of zero with a aOfesee 
dwell, as shown in figure 161 and described in tabic 23 as cycle type 3. Results a re presented in 
table 26. Figure 165 presents a. plot of this date for comparison with strain-hold data. There 
appears to be no significant difference for the two cycle types at these conditions which involve 
nearly %m® mean stresses fer both cycle types and a minimum amount of accumulated creep 
strain (cyclically unreversed) fer the stressrihvall cycle. Although the creep strain ranges are 
sme.fi for these cycles, it is apparent from the result# that no significant differences in LCF life 
occur due to the baric cycle type (sties# vs strain dwell). 


The same creep -dwell cycle wa& further evaluated, with an alHenrile strain cycle (R< — 0) to 
defermme the effects of mean stress. The cycle is illustrated in figure 132 and described in table 
23 as cycle type 4= This cycle produced rigmficani cyclically unxsverssd creep m addition to the 
constant tensile mean stress and resulted in substantially reduced LCF life when compared to 
strain-dwell tests at similar starting condition# of strain range and mean stress. Results arc 
presented in tabic 26 and plotted in figure 166. 
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Figure 1S1. Typical Stress-Dwelt LCF Test with Mean Stress Equal to Zero 
(Stress-Limited Dai her than Strain-Limited} 


170 



Stre 



Total Stress Range 
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Figure 163. Typical Strein-Dwett, Stress Control LCF Test with Mean Stress 
Greater than Zero 
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Figure 164, Strain Control LCF Results for IN 100 { with Stress Dwell and 
Strain Limits, Mean Strain Equal to Zero) 





Comparison of the Effect of Stress-Raid Trading Modes the 
I'CF Properties of IN 100 (Mean Stress Equal to Zero} 
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TABLE 26 

STRESS-HOLD VS STRAIN-HOLD TEST RESULTS FOR TN 3,00 
A AO Tests Ware Sires# Tg#tmg Conducted at 650 U C, 0 . 3 ft 0 L R^mp Frequency 
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Figure 188 * Comparison of Stress-Hold and Strain-Hold Testing Modes on 

the LCF Properties of IN 100 (Mean Stress Greater than Ze.ro) 


I & an attempt to- separate affects of the high net accumulated creep .steal ft and the effects of 
mean stress, aft additional owed cycle was txm with & constant peak (and mean) stress, hot 
utilized a strain control dwell cycle to produce a cyclically unreversed creep component equal to 
zero. Figure 163 details the cycle described in table 23 as cycle type 5, Results are presented in 
table 28 and plotted m figure 168. Significant cyclically unrev erse-d creep also ooemred for these 
tests, hut woe substantially less (by approximately half) than the corresponding crcep-dwch 
cycles. However, while LCF lives tor both cycle types were not very different from each other, 
they were substantially lower than for the typical strain dwell test where mean stress relaxation 
occur s L Also differences m life for all three cycle types were lowest at high strain ranges where 
cyclically un reversed creep is maxi mum for the creep dwell test- and mean stress differences 
between the three cycle typos are minimum, Consequently, although complete separation of 
mean stress and cyclically unreversed creep strain effects was not attained, it appears that mean 
stress played a more important role than the unreversed creep strain in reducing LCF life tor the 
siress'dwell cycles over stram-dwell cycles. 


Results of standard creep tests, as well as comparisons of net creep, for both stre&s-dwel! 
and s tram -dwell conditions at several peak stress conditions ace presented in figures 158 through 
373. 
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P&ak Tens its Stress {k$r)* 


One additional test was performed (S/N 48) utOdmg a cycle type similar to that described 
as cycle type 4 in. table 23, except that the total cyclic strain range was one-half that for other 
comparable sfe^ss-hdld testing (\ — 0.5). When plotted as a function of total strain range, as in 
figure 168 , no correlation with the other data is found. However, when the data are ^plotted in 
figure 187 based on pea b stress, it falls in reasonably well with the other results. Under these 
conditions, the rate of accumulation of unreversed creep was higher than for any of the other 
cycle types evaluated, as shown m Kgure 172. This testing indicates that the unreveraed creep 
strain which accumulates in the creep dwell cycle sipdScRii&y affects LCF life and mmi be 
considered along with mean stress in any approach to model LCF-eroep interactions for unre- 
strained (creep-dwelt) conditions, as has previously been, miggmwd by M.anscm_ mid Halford, £C 



Figure 167, 


Comparison of Stress-Hold and Strain-Sold Testing Modes (Us- 
ing Peak Tensile Stress as the Independent Variable) for IN 100 



Cr 


^"er! lary Ui’r^ve: :*!,* 

Cre^f.i Cr€-t;j 



Figure 168, Typical Total Creep- y§ Time (or Cycles) Diagram- for LCF — 
Creep Interaction Tests 


St -tterd C S'StJ) 
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Figure 169. Creep vs Time Curve for IN 100 at 650° C, Maximum Stress -- 
1103 MPa 
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Figure 172. LCF - Creep Strain vs Time Curve for IN 100, Maximum Stress — 
1106 MPa 



Figure 173. LCF Creep Strain v» Time Curve for IN 100, Maximum Stress = 
1034 MPa 


17 » 





CONCLUSIONS AHD SUMMARY RESULTS 

Several turbine disk alloys representing various tensne strengths, processing histories, and 
microstnictures were evaluated for resistance to fatigue crack initiation and propagation uuo.sr 
both evelie and cydse/dwall conditions at 8:;>G>; Effects of mean stress, inert enviioiinsenss, 
various eydie/dwefl conditions, and Contractor test methods were also evaluated x&r selected 
alloys and conditions. Results of this testing are summarised beicw; 

As«si Strain Conteoi LCf Teste 

* Fully Reversed Strain Cycle (R, ~ - 1 } Low Strain Ranges -■- At Iqibj, strain ranges of interest 
for aircraft turbine disk applications, LCF life is generally related to tensile strength, the 
rank order of the alloys fasted fr am highest to lowest life for low strain ranges jS enovn m 
table 27. 

a Fully Reversed Strain Cycle :(< = ~J), High Strain Ranges - Sank order of the alloys by 
LCF initiaticn Me changed substantially at higher strain ranges, approaching ^the rans 
order expected from mcnotenic tensile ductilities. For cyclic <0.33 Ms) tests, the rans orcer of 
the alloys from highest to lowest LCF initiation lire 1 b smown in tahk 28,. 

• Fully Reversed Strain Cycle, Cyclic/ Dwell - Generally, the higheroirength, W-gremed 

alloys exhibited more significant redactions m fatigue hie due to the dwex*. At icv; 
ranges, the percent reductions in life tor the alloys appears in table 

v AllTensih Strain Cycle (R t ~ 6) — At total strain ranges of interest for turbine dmii spphca- 
iions, LGF Me again is generally related tc tensile strength. The rank order, which approxi- 
mates the R “ -1 results, from highest to lowest LGF life for low strum ranges is preseiitea 
in. table 30. 

LCF life at higher strain ranges is related to ductility, and the rans onaer is iaenwcai to L»e 
fully reversed test results. 

* Mean Stress, Mean Strain Effects — In general, the effects of mean strain were Sound to be 
negligible for the conditions evaluated but the effects of mean stress were pronounced. At 
high strain ranges the mean stress was near aero and d?.d not contribute to reduction 

At low strain ranges, however, mean stresses were large and significantly reduced Ll.* lire 
compared to testa ran with comparable strain ranges but zero mean stress {R = *)• 

« Contractor LCF Test Method Comparison — Low-cycle fatigue data generated by P&WA 
and GE generally agreed. Cyclic (0.33 Hz) test data show the mean curve for P&WA testing 
to be greater in cyclic life than the mean curve for GE testing. However, the data were 
limited and variance was significant. Dwell (900-sec hold time) data agreed reasonably we»i. 
Differences in LCF life are probably attributable to specimen machining and surface prepar- 
ation. 

Fatigite Crack Growth Evaluations 

• Crack growth rates generally increased with increasing tensile strength. Creek growth test- 
ing conducted with a 900-sec dwell at maximum tensile load in air showed the same fr®o, s 
as the 0.33 Hz testing with larger absolute differences in crack growth rates. Bee rabie oi ter 
rank ordering. 
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* Comparison of Contractor testing and data analysis procedures for HIP plus forged Renb 95 
showed crack growth data obtained at 0.38 Hz for the K h bar specimen to be approximately 
two times faster than that obtained from the compact type specimen. At SQO-see dwell times* 
K b fear data, was much faster than the OT specimen#, with diminishing differences at low &K 
levels, rhirther investigation of these differences Is needed. 


* Waspakty and IN 100 tested in an argon environment at 0.33 Hr demonstrated crack growth 
rnfos at low AK levels approximately a factor of 2 slower than the same alloys tested in ah.. 
Am ana argon crack growth rates converged at higher dK levels. Oxidation appeared to 
degrade the cyclic -crack growth rates of IN' 100 slightly more than Waspaloy, Cyciic/'dwel! 
tests in argon >vere m conclusive. 


iphte and KvfetaatfefiiS 

Mefahographic and feae&ogr&phfe evaluations were poHermed on failed strain control LCF 
specimen® of Waspaioy, wonghi Astroloy, HIP Astraoy, HEP MERL ?6, IN lQQ y HIP plus forged 
95 and NASA IIB-7. Results, where failure modes could be distinguish^ can be summar- 
ised as follows: 


* Crack initiation for cyclic tests was iran&granulsr for ah the alloys, except 
HIP MERL 76 and iN 100 where er&ckg Initiated in voids and Inclusion, 

* Crack growth for cyclic tests of all the alloys was transgranuiar, except in 
the fine-grained IN ICO, 


$ 


Crack initiation was generally intergranular for 
the coarse-grained Waspaloy sample. 


cychc/dweh tests, except for 


* Crack growth m all the cydic/dweil test samples was intergranular. 


Creap-!Fs%ue Cycle Evaluations 


Results of additional creep-fatigue evaluations performed on the IN 100 samples at 650°C 
can be summarized as follows: 




Changing dwefe time horn zero to 30, 120, and 000 set: resulted in oorreopond' 
>.ng redactions m life with very mirdmal changes hi cyclic creep strain range. 
Eeauetions in life are aifdmAad prfoounly to exposure time at 650°C rather 
tltart cyclic creep deformation damage. 


* Comparison cf basic tensile stress-hold with tensile strain-hold cycles 
showed -Uo eign'Ongnt drfterennes provided bwt vgzi&bles, such as: mexn 
ztrem, &tr&m range, atm hold time were comparable. 


Meftsr a tress and accumulated creep strain (in str^s-hoW cycles; lx>th aigmf-- 


fomitiy affected LCf life, 
cycles are attributed to 


Life differences between forecoLufei mid ctrehchcid 
yj\een stress and cumulative creep strains. 


v 



TABLE 27. 

RANK ORDER FBOM HIGHEST TO LOWEST 
LCP INITIATION LIFE FOR STRAIN 
RANGES BEHIW APPROXIMATELY 1.0%, 
FULLY BEVERS3BD STRAIN CYCLE 


Temik Btrgngth 

NASA Hsffl-7 '"~~ 
Sea6 SS HFF 
MS 1 MEHL 7ft 
<N I®? 

Wvv»!fis.t Aatefcy 
Wagesics? 

HIP A&tKrIOy 


LOT Life with 
O.-SS Hs B$m dts 

H©«N £*5 Hop 
HIP MERE 1% 
NASA XiB*? 

ih m 

Wrought AstiKskjy 
HIP Asfeota? 
Waspsky 


£GF kN 
{WG-see & »s® 

NASA HR*? 

S*ae §6 H-r-F 
HIP MSEL ?e 
IN 10G 

Wjfoughi Ai0tsfok*y 
HIP Asfeofey 
Waspaioy 


TABLE 38. 

BANK ORDER FROM HIGHEST 
TO LOWEST IGF INITIATION 
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RANK ORDER FROM HIGHEST TO LOW- 
EST LCF INITIATION LIFE FOR 
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LCF Life with Tots! 
Strain Range Below L0% 

LCF Life with Total 
Stmin Above l,%% 

Reae 95 H-F 

W&spaloy 

NASA IIB-7 

HIP MERL 76 

HIP MERL 76 

E 95 H-FF 

IN 100 

IN 100 

Waspaloy 

NASA I£EF? 


. TABLE 81 

RANK ORDERING FROM BEST 
TO WORST CRACK GROWTH 
RATES, 0.33 Hz 


0.2% Yield. Strength 
Alloy at 6SG n C MPa 


Waapaloy 

967 

HIP Astroloy 

S81 

Wrought Astroloy 

986 

IN 100 

me 

ffiF MERL 76 

1027 

NASA IIB-7 

1277 

R 05 ERF 

1122 



REFSBEHCES 


2 . 

3. 

4. 


Cowles, S. A., '0, L, Sims, and J, B. Warren, ‘'‘Evaluation of the Cyclic Behavior of Aircraft 
Turbine Disk Alloys/’ .NASA Report. OH-158408, October 1878, 

Shoh&ni, V. and H, G Popp, “Evaluation of Cyclic Behavior of Aircraft Turbine Disk 
Alloys/ 8 NASA. Report. CR4G9483, Jims 1878, 

deNeeve, P, F. and A. Wusirseher, “Evaluation; of the Strain Behavior of an LCF Specimen” 
.Pratt & Whitney Aircraft of Canada Internal Cbire&po&d ence, 23 April 1870, 

tieiic, F., P. Nieasen, and D. ?>. Bums, “Temperature Dependence on Fatigue Crack Propa- 
gation in Ai-2,8 Mg Alloy,” Fatigue at Elevated Temperatures, ASTM STP 520, pp. 139-348, 
1873, 


6. Nudak, S. J., A, Sasena, E J. Sued, and R. C. Malcolm, “Development of Standard 
Methods of Testing and Analysing Fatigue Crack Growth Rate Data/’ AFML-TK--78-4C, , 
May 1978. 

6. Paris, P, C., Fatigue — An InterdUcipHnary Approach, Proceedings 10th Sagamore Confer- 
ence, Syracuse University' Press, N. Y,, 1984, p. 107, 

7. Sims, IS, L, C. G. Anris,, and E, M, Wallace, “Cumulative Damage Fracture Mechanics at 
Elevated Temperatures.;* AFML-TE-7 8-176, Part III, April 1877. 

8. Sha, G, s “E-Solution of [General Electric] Surface Flaw Specimens/’ Pratt & Whitney Air- 
craft/ Florida, April 1980. 

9. Gel!, M. and G, Leverant, “Mechanisms of High Temperature Fatigue,” Fatigue at Elevated 
Temperatures, ASTM STP 520, pp, 37-87, 1973. 

10. Man s on, S. S. f and G, R. Halford, “Treatment of Mu hi axial Creep-Fatigue by Strainrange 
Partitioning/ 5 NASA >'M X-73488, December 3978, 


184 



REPORT DOCUMENTATION PAGE 

Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503. 

1. AGENCY USE ONLY ( Leave blank) 

2. REPORT DATE 

July 1980 

3. REPORT TYPE AND DATES COVERED 

Final Contractor Report 

4. TITLE AND SUBTITLE 

5. FUNDING NUMBERS 


Evaluation of the Cyclic Behavior of Aircraft Turbine Disk Alloys, Part II 


6. AUTHOR(S) 

B.A. Cowles, J.R. Warren, and F.K. Haake 


WU-None 

NAS3-21379 


7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

United Technologies Corporation 
Pratt & Whitney Aircraft Group 
Government Products Division 
Box 2691 

West Palm Beach, Florida 33402 


8. PERFORMING ORGANIZATION 
REPORT NUMBER 


E-14588 


9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

National Aeronautics and Space Administration 
Washington, DC 20546-0001 


10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 


NASA CR- 165 123 
FR-13153 


11. SUPPLEMENTARY NOTES 

Project Manager, Dr. R.V. Miner, Jr., NASA Eewis Research Center, Cleveland, Ohio. 


12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Unclassified - Unlimited 
Subject Category: 07 

Available electronically at http://gltrs.grc.nasa.gov 

This publication is available from the NASA Center for AeroSpace Information, 301-621-0390. 


12b. DISTRIBUTION CODE 


1 3. ABSTRACT (Maximum 200 words) 

This program followed two earlier NASA contracts which evaluated the cyclic behavior of several advanced aircraft 
turbine disk alloys. The alloys selected for this program included HIP MERE 76 which is an advanced alloy currently 
undergoing trial disk production development at Pratt & Whitney Aircraft under NASA MATE program sponsorship, 
HIP plus forged Rene 95 currently used by General Electric Corporation, GATORIZED® IN 100 which is an 
advanced alloy currently used by P&WA, and conventionally forged Waspaloy which is a current, widely used disk 
alloy produced from ingot. The objectives of this program included evaluation of an additional alloy from previous 
programs, providing a comparison of Contractor test methods, determination of crack initiation and early propagation 
mechanism for various alloys, and determination of the effects of mean stress or strain, various creep-fatigue cycle 
forms, and environment on crack initiation and crack growth behavior for selected alloys. As in earlier programs, the 
cyclic behavior of the alloys was evaluated from two aspects: crack initiation and crack propagation. The test methods 
utilized to establish this behavior were axially loaded strain control low-cycle fatigue tests for initiation and load- 
controlled cyclic crack growth rate fracture mechanics test for propagation. Tests were conducted with both cyclic 
and cyclic/dwell conditions at 650 °C (1200 °F). 


14. SUBJECT TERMS 

Strain control; Fatigue crack propagation; Low cycle fatigue (LCF); Life prediction; 
NASA IIB-7; IN 100; Waspaloy; Astroloy; HIP-Astroloy; Turbine disks; HIP MERL 76 


15. NUMBER OF PAGES 

196 


16. PRICE CODE 


17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 


18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 


19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 


20. LIMITATION OF ABSTRACT 


NSN 7540-01-280-5500 


Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. Z39-18 
298-102 


